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I  INTRODUCTION 

This is the final report of a series that was initiated under a 

former contract (AF 29(601 1-1994, ARPA Order No. 6-58, Task 5; and has 

continued for a period of approximately 3-12 years.  This report contains 

much of the earlier work, brou^ht up to date, as woll as new material 

generated during the final phase of the present contract. 

The objective of this study has been to learn as much as possible 

about the relaxation of the lower ionosphere following a pulse of 

ionizing radiation. 

Ideally, the approach would be to measure several ionospheric 

parameters directly, simultaneously, and continuously during the course 

of an ionospheric disturbance.  The parameters of interest would be 

radiation flux, electron concentrations, ion species and concentrations, 

and gas and electron temperatures.  For many reasons, which include 

limitations of the state of the art and financial support, the ideal 

experiments are not likely to be performed in the near future.  Therefore, 

the approach adopted in this study has been to review published and 

unpublished measurements of the above parameters, especially those made 

during disturbed conditions.  Pertinent geophysical measurements were 

considered, together with laboratory data and current theory, in an 

effort to delineate the phenomena Involved and subsequently to estimate 

the rates of the various relaxation processes. 

The report is divided into two principal parts—ionization processes 

and de-iomzation processes.  This separation, as the reader will see, 

is not clear-cut.  Inasmuch as natural lonizatlon processes must, at 

present, be studied by considering fragmentary observations of the 

ionizing flux together with the resulting radio signal absorption, an 

inescapable dependence on de-ionization processes, which is not yet 

clearly defined, always exists.  Hence, in Section III A, a model ,,1 

solar flare ionization is used to deduce an effective dissociative 



recombination coefficient; the other necessary relaxation parameters 

were obtained from the literature.  In III B, solar X-ray observations 

were used with parameters discussed in Section IV to gain an insight 

of quiescent solar effects.  In III C, a model of auroral electron- 

bremsstrahlung events is constructed utilizing parameters derived in 

IV to check the adequacy of those parameters in describing ionospheric 

perturbations.  In a similar vein, the associative recombination co- 

efficient discussed in IV C was derived from observations of solar 

flares, and sunrise-sunset radio effects are used in IV A to evaluate 

possible candidate negative-ions.  Also in Section IV C, the dissociative 

recombination coefficient derived from solar flare studies is shown to 

be consistent with laboratory and other ionospheric measurements. 

Thus, although definitive atmospheric measurements have not been 

made, a reasonable consistency was found to occur between estimates, 

laboratory measurements, and pertinent geophysical observations and 

models.  However, this apparent consistency should not lull the reader 

into complete complacency.  The inherent errors in many of the necessary 

assumptions are such that it would not be at all surprising to find that 

a good measurement of one or more of the important parameters will show 

these models and assumptions to be far from adequate. 

Significant data have been and are being acquired that have 

materially increased our understanding of ionospheric processes.  Present 

knowledge is far from complete, of course.  Although significant first 

steps have been taken, it is clear that the entire field of solar- 

terrestrial relationships is only beginning to develop.  A continuing 

review of laboratory and geophysical observations is certainly required; 

definitive in situ measurements are urgently needed. 

Earlier work on this study is described in the following reports 

and papers. 

(1)  Poppoff, I. G., R. C. Whitten, and R. L. Ludwig,  The 
Determination of Ionospheric Recombination Coefficients 
Phase I:  Feasibility of Utilizing Solar Flare-Sudden 



Ionospheric  Disturbance  Relationships.     Final  Report 
Contract   No.   AF 29(601 ;-1994,  ARPA  Order No.   6-58, 
Task  5.     GRD-TR-60-289.     Stanford Research  Institute, 
May  26,   1960. 

(2) Poppoff,   I.  G.   and R.   C.   Whitten,   Determination of   Ionos- 
pheric  Recombination Coefficients,   Semiannual   Report  No.   1 
Cofitract  AF  lo^04)-S355.     Stanford Research  Institute. 
September 30,   1961. 

(3) Whitten, R. C. and I G Poppoff, A Model of Solar Flare- 
Induced lonization In the D-region. J. Geophys. Res. 66, 
2779   (1961,). —' 

(4) Whitten, R. C. and I. G Poppoff Associative Detachment 
in   the   D-region.     J.   Geophys     Res.   67,   1183   (1962;. 

(5; Poppoff, I. G. and R. C. Whitten, D-region lonization by 
Solar X-rays.     J.   Geophys.   Res.   67,   2986   (1962). 

(6)     Poppoff,   I.   G.   and  R.   C.   Whitten.     Determination  of   Ionos- 
pheric  Recombination Coefficents.     Semiannual   Reports 2  and 
3.     Contract AF  19(604)-8355.     Stanford Research Institute, 
September  30,   1962. 



11     SUMMARY AND CONCLUSIONS 

A  body of  information  pertaining  to  ionization and do-ionization 

in  the   lower   ionosphere  was  compiled   from  various   sources.      Part   of 

the  data  was  derived by-«ie_au4hors  from studies of  geophysical   ob- 

servations,   part  of   it   from   published  and  unpublished   laboratory 

measurements,   and  part   from  other   ionospheric   studies.     Models  of   lower 

ionospheric   processes  were   prepared  which  are  consistent   with   presently 

available data   from these  sources. 

The  following conclusions may\be  drawn  from  this study: 

A .       Ionization  Processes 

!•       Solar Flare-Induced  Ionization 

Solar flare effects can be considered  to be X-ray 
ionization  phenomena.     Consideration of   sudden cosmic 
noise absorption events leads to an effective dissocia- 
tive  recombination coefficient  of  about  2  x 10"7  cm3 sec-1. 

2- Ionization  by  Background   Solar  X-rays 

Normal   D-region  ionization  sources  have  not  been  definitely 
established.     Consideration of  present  knowledge of  nitric 
oxide  recombination coefficients  and  background  solar X-ray 
fluxes  indicates   that   the   role  of   solar  X-rays  may  be  greater 
than  previously  supposed  and  thai   the  role  of  solar hydrogen 
Lyman-a radiations may be  less  important. 

3- Ionization by Auroral Electrons 

Studies of auroral electron-bremsstrahlung events indicate 
that at least the temporal characteristics of associated 
radio noise absorption are consistent with the model 
suggested In this study.  The model Is not yet complete 
enough to judge its adequacy for computing the magnitude 
of the absorption. 



B.       De-ionization Processes 

1•   Negative Ions 

a. Significant  concentrations  of  0~ and H~ ions in 
the   lower ionosphere arc not  consistent   with 
observed  "sunrise-sunset" effect.     0~ may be 
important   in  the upper D-region. 

b. 02   ,   OH   ,   O3   ,   and/or N02     may  be  the dominant 
negative ion species without  contradicting  present 
knowledge. 

c. Radiative attachment   to 02   and  three-body attachment 
to 0 are  probably  not   important. 

d. Associative  detachment   is  probably  the dominant 
nighttime mode of electron detachment   from the 
species 02"  and OH".     Detachment   from N02" and O3" 
can occur via dissociative  processes. 

e. Previously  proposed values of  photodetachment  rate 
for 02" and,   perhaps,  0" are  not   reliable. 

f. Diffusion to dust   is  an unimportant  mode of  negative 
ion  removal. 

Charge  Transfer  and   Ion-Atom  Interchange 

a. The  following  rate constants were derived 

(1) 0+  + 02     .0 +  o/,   k  - 2  x   10-'>  cm3  sec-1 

(2) N2
f   +  0  -.N2   +  0',   k    - 2   x   11)-"   cm3  sec"1 

(3J N2
+   +  02     .N2   +  02

+,   k  -  2   x   IG-«0   cm3   sec"1 

(4) 0+   +  N2   -N0+   +   N,   k  -  6  x   lO-13  cm3  sec-1 

b. Rate  constants  for   (1)  and   (3)   above are  in good 
agreement   with  recent   laboratory  measurements,   whereas 
the  rate constant   for   (4)  is  not.     The discrepancy 
cannot  be explained   at   this   time. 

c     The  dominant   ions  in  the  U-rcgion  under  disturbed 
conditions  must   be 02

+  and/or  N0+.     The  model   pre- 
sented  in   this   report  cannot   be  extended  below  - 75  km 
because  of   the  possible   importance  of   such  ions  as 
N3   ,   N4

4,   and  0,+, 



3-       Dissociative  Recombination 

a. Probable values of  important  dissociative  recombina- 
tion coefficients in  the D-  and  E~  regions are: 

(1) cyN/)   =  5  x   lO"5  T"3, *  cm3  sec"1 

(2) ^(Oi*)   =  9 x   lO"5  T-1   cm3   sec"1 

(3) aD(NO+)   =  2.6  x   lO"4  I"3   2   cm3  Sec"1 

b. Most  important  coefficients  in  the upper »-region 
and  the E-region are QD(02

+)  and Q  {N0+). 

c. Identities of dominant  positive  ions  in  the  lower 
D-region are not known. 

4■   Ion-Ion Recombination 

a. Two-body  reactions  are  important   in  the  D-region. 

b. Three-body  reactions are  not   important  above  ^   15  km 
but  may  be important   in  low-altitude effects of  nuclear 
explosions. 

'■       Diffusion  to Dust 

This  is not   likely  to be  important   in  the  normal 
unperturbed  ionosphere or during  perturbing events. 

, 



Ill     lONIZATION  PROCESSES 

A-       Solar Flare-Induced  lonization 

1•        Introduction 

It  has  long  been known  that   so-called  sudden  ionospheric  disturb- 

ances   (SID),   such   as   short-wave   fade-out,   sudden  cosmic  noise  absorption, 

sudden enhancement   of  atmospherics,   etc.,   are manifestations of  loniza- 

tion  in  the  D-region  which   in   turn  is  associated  with   the  occurrence 

of  a   solar  flare.     Only   recently,   however,   has   the   nature  of   the  ionizing 

portion of  the  solar  flare  radiation come  to   light.     Measurements   (Friedman, 

Chubb,   Kupperian.   and  Lindsay   1958;   Chubb,   Friedman,   and Kreplm,   1960a; 

Chubb,   and others,   1960b;  Kreplin,   Chubb,   and Friedman,   1962]   by  the 

Rocket  Agronomy Group at   the  U.S.   Naval  Research Laboratory   (NRL)   have 

indicated  that   this  radiation  in  tne hard  portion of   the spectrum  pene- 

trates  deeply   into   the  D-region  and  during   large  disturbances   apparently 

produces lonization  at  altitudes of   less  than 60 km. 

The  electron  concentration   is   influenced  not   only   by   the   intensity 

of   the   ionizing   radiation  but   also  by   the   recombination   rate  and  by 

the   electron  detachment   and  attachment   rates.      It   will   be  shown   later, 

however,   that   the   photodetachment   rate  is   sufficiently   large   so  that 

the  effect   of  electron  attachment   to  molecular  oxygen   is  of   negligible 

importance  at   altitudes  above  75  km;   this  Statement   is   true  during   the 

decay  phase as well   as during  the  build-up. 
* 

In   section  2   we  consider   the  NRL  measurements   of   solar   flare 

radiation  and   their   implications  with   respect   to   the   D-region,   and  on 

the  basis  of   these  data  we  construct   a   model   of   the  electron   production 

profile.     In   section  3  we  estimate   the   dissociative   recombination 

coefficient   and   construct   a   model   of   radio  signal   absorption   based   on 

the   NRL  data. 



2.       The Natui'o and  Effects  of  Ionizing Radiation  from Solar  Flares 

Since World War 11   several   theories have appeared regarding  the 

nature   of   the   radiation   responsible   for   sudden  ionospheric   disturbances. 

The   first   was   that   the   increase   in   lonization  is  caused by  an  enhancement 

in Lyman-a emission during  a  flare.     The  difficulties inherent   in   this 

suggestion  arc   now  apparent:     l.yman-a would  have   to  increase   in   intensity 

by a  factor of  - 106  or more  in order to  produce  the  high  frequency 

absorption observed during   sudden  ionospheric  disturbances.     The  detec- 

tion  of  X-rays  in  the  rocket   and   satellite  observations  of   solar   flares 

(Sunflare  I  ani  II)  by Friedman,   Chubb,   Kupperian,   and Lindsay   (1908-, 

Chubb,   Friedman,   and Kreplin   (1960a);  Kreplin,   Chubb,   and Friedman, 

(1962),   provides a basis for a much better explanation of  the  origin  o. 

sudden  ionospheric  disturbances.     The X-ray  flux  is  spread out   in  a 

spectrum which can cause  sufficient  ionization at   all   levels of  the 

D-region  to produce   the observed electron concentrations.     It   has  also 

been  suggested   (Mitra,   1960)  that   both  X-rays  and  Lyman-a are  important 

in  producing SID's.     However,   recent   satellite measurements of  the 

Lyman-Q intensity during a  class  l+  solar  flare   ,Chubb and others,   1960b) 

indicate   that   no  such enhancement  in  the  Lyman-Q intensity occurs.     A 

larger  flare may,   of course,   produce  an  observable  Lyman-a enhancement, 

but  it  is doubtful   if  it  could compete with  X-radiation in its  ionospheric 

effects  at   any   level  of   the  U-region.     All   the  measurements  of   the  NRL 

group  (Friedman,   Chubb,   Kupperian, and Lindsay.  1958;  Chubb,   Friedman, 

and Kreplin,   1960a;   Chubb  and  others,   1960b)   Indicate   that   the  electro- 

magnetic   solar  radiations  producing   the enhanced  lonization  in  the  Ü- 

region  are  X-rays  of   wavelength   ■   ■    8 A,   X-rays of   wavelengths   .■    ■  8  A 

will   be   absorbed  almost   entirely   in   the  B-reglon.      This  is  shown   in 

Table   III-l.   which  gives   the   intensity  at   several   wavelengths   required 

to produce given electron production rates at  two  levels of  the D-reglon. 

A   partial   X-ray   flux   spectrum  wa*  obtained   from  a   Sunflare   II 

rocket   (Chubb,   Friedman,   and  Kreplin,   1960aJ   launched  during  a  class   2+ 

flare  on  August   31,   1959       unfortunately,   only  a   lower   limit   of  the 

intensity   in   the   2-8  A   range  was  observed   owing   to   saturation   of   some  of 

in 



Table  III-l 

INTENSITY  REQUIRED TO PRODUCE GIVEN  ELECTRON  PRODUCTION 
RATES  AT  TWO LEVELS   IN  THE  D-REGION 

Altitude, 
km 

Electron 
Production 

Rate q, 
cm-3 sec-1 

Intensity , erg cm2 sec"' 

2  >  A ^ 8 A X > 8 A La 

70 km 

90 km 

30 

2500 

0.2 

0.2 

»1 

- 1 

~106 

-10s 

the  sensors.     Because of  this gap in  the  spectral   data  it  was  necessary 

to estimate  the missing portion by extrapolating  from other data. 

Several   other  successful   rocket   flights in  the Sunflare  II   program 

yielded essentially complete X-ray  spectra  in  the  range 2-60 A,   but 

because  they were made during a  small   flare  and  under quiet  sun 

conditions,   the cosmic  noise  absorption data  were  inadequate  for  the 

construction of  a  model  of  the  disturbed D-region.     However,   since wc 

had X-ray  spectra  for  several   lower  levels of  X-ray  intensity,   it  was 

possible  to extrapolate  the  shape of  the X-ray  spectrum to the  level 

of  X-ray  intensity corresponding  to  the class  2+  flare considered in 

this   report.     The  spectrum so constructed,   together with  its estimated 

upper and   lower  limits   (the  broken curves)   at   time  22:54  UT,   is shown 

in Figure   III-l.     In addition,   counter measurements  in  the energy 

range  15  to 80 keV were  also made at   two different   times during the 

flight.     These data  indicated a  softening of   the  hard X-radiation as 

it  decreased  in  intensity   (Chubb,  Friedman,   and Kreplin,   1960a). 

When X-rays are  absorbed  in  the  ionosphere,   they  produce   (a) 

primary  ioaization  by   photoelectric   "stripping"  of  electrons   from 

neutral   molecules,   and   (b)   secondary  lonization  by   the   "stripped" 

electrons.     A   photon  of  wavelength  2 A  will   produce  about   200   free 

electrons  by   this   process.     The  electron  production   rate  can  be  written 

q   =   /   Cr   .     (X) 
airv   '     d) 

dg(X )       E(X) 
E 

e 
(I (1) 

11 
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FIG. Ill-l     X-RAY SPECTRUM OF THE FLARE OBSERVED AT 22:50 UT ON 
31 AUGUST 1959.   THE SOLID CURVE REPRESENTS THE MOST 
PROBABLE SPECTRUM BASED ON EXTRAPOLATED DATA. 
THE BROKEN LINES REPRESENT THE ESTIMATED UPPER AND 
LOWER LIMITS OF INTENSITY. 

12 



where ^.^(X)  is  the absorption cross  section of  X-rays  in  air as  a 

function of  wavelength  X;  Q(XJ  is  the X-ray  photon flux  density;   n  is 

the  neutral   particle number density;  E(X)   is  the  energy  of  a  photon of 

wavelength  >;   and E^  is  the mean energy  required  to remove  an electron 

from ■  neutral  molecule   in  air   (~   32 cV;.     Owing  to absorption by   the 

atmosphere,   the X-ray  photon  flux  density Q(XJ  is  also a   function of 

altitude.     Figure   III-2   shows  the   Ittenuatioa  of  I.-a and  X-radiation 

OS 10 
RELATIVE  INTENSlTr —  |/10 , ,1H4, „ 

FIG. 111.2    ATTENUATION OF SOLAR RADIATION IN THE UPPER 
ATMOSPHERE.   THESE CURVES ARE BASED ON THE 
ARDC 1959 MODEL. ATMOSPHERE (MINZNER, 1959) 

of   several   wavelengths   in   the  upper  atmosphere.     Figure   III-3   shows   the 

electron-production-rate   profile  computed   from  the  data   presented   in 
Figure   III-l. 

We   shall   assume   in  our  model   that   the   electron  production   rate 

bears  the   same   functional   relationship  to   time  at   all   altitudes;   this 

is  equivalent   to  assuming   that   the   shape  of   the  X-ray   spectrum  is   time- 

independent   or   that  Q   can   be   separated  into   two   factors,   one   of   which 
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FIG. 111-3    ELECTRON PRODUCTION RATES AT VARIOUS ALTITUDES 
AS COMPUTED FROM THE SOLID CURVE IN FIG. 111-1 

depends  only on wavelength  >   and  altitude h,   and  the other only  on 

time 

Q(X(   h,   t)  =A(AP   h)T(t) (2J 

We  can  establish   the   start   of  the  X-ray   emission  at   the   time  of   the 

commencement of   sudden cosmic  noise  absorption  (see Figure   III-4)  and 

tin-   maximum of   the  X-ray  emission  curve   at   roughly   the   time  of  minimum 

cosmic   noise  intensity.     This  is   an  oversimplification,   since   there   is 

no  reason   to believe  that   the  entire  X-ray   spectrum  bears  exactly  the 

same  functional   relationship to  time. 
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FIG. 111-4    INTENSITY AT LOS ANGELES OF 18-Mc COSMIC NOISE DURING 
THE OCCURRENCE OF A CLASS 2* SOLAR FLARE ON 
31 AUGUST 1959.   THE RECORD INDICATES THE EXTRAPOLATION 
TO ITS ORIGIN OF THE LARGER OF THE SUDDEN COSMIC 
NOISE-ABSORPTIONS 

3.        Model   of   lonization,   Rccombination,   and 
Radio  Signal  Absorption 

A  sudden  ionospheric  disturbance may  be divided  into two  phases: 

the  build-up phase  and  the decay  phase.     The  former is  characterized by 

a   rapid   increase  in  electron  density  due  to   the  increasing;  solar X-ray 

photon   Mux  and  thus  the electron  production  rate;   the   latter,   on  the 

other  hand,   is  characterized  by   a  gradual   deciease   in electron density. 

The electron density maxima  do not  necessarily occur  simultaneously  at 

all   altitudes,   however,   since   there   is  at   present   no  known   reason   for 

the  intensity maxima  of  all   parts of   the  the X-ray  spectrum to occur 

simultaneously.     In   spite  of   this,   we   shall   assume   in  our  model   that 

the  electron  densities  do  simultaneously   reach  their  maxima   at   all 

altitudes   in   the   D-region  and   that   each  maximum occurs   at   the   same   time 

as   the  nunimum  in   the  cosmic   noise   intensity  curve   (Figure   III-'l).     The 

tune   rate  of  change   of   electron  density   is   related   to   the   production 

and   removal   processes  by  the   well-known equation 

dN 

dt T-^— -  (a    + xa. JN2 -    —^~   l!- 
l   +  >       VD i'  e 1+Xdt 
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in which Ne  is  the  electron density;   q  is  the electron  production  rate; 

>   is  the   negative  ion to electron-density  ratio   (X  = N" N   );   Q    is the 

dissociative  recombination coefficient;   and a.   is  the  mutual   ionic 

neutralization  coefficient.     The  meaning  of   the   symbol    •    (wavelength 

or negatlve-lon to electron concentration ratio;  in the following will 

be clear   from  the  context. 

The  differential   equation  obeyed  by   the   negative   ion  to electron 

density  ratio   •   is   (Bates  and   Massev,   1946) 

rfx  ft-f*-   '■■ < m ♦ ^(^ - %) +  irTf7TT]       (4) 
e     ' 

where , is the electron attachment coefficient; , is the photodetachment 

rate; v is the electron collisional detachment coefficient; n is the 

neutral particle density; and m is the molecular oxygen concentration 

(taken to be 1,5 n in our computations;.  In the model to be developed 

in this report the neutral particle concentrations given in the ARDC 1959 

model atmosphere (Minzner, Champion, and Pond, 1959) are adopted. 

The second term in brackets on the right-hand side of equation (4) 

is of importance only in the lower D-region.  Recent estimates of the 

collisional detachment coefficient , based on polar cap absorption 

(Bailey and Branscomb, 1960) are of the order )   2 x K)"17 cm^scc. 

However, other workers (Phelps and Pack, 1961; have found evidence 

that |    IQ"»' cn-Ysec for 02~ , and that N2 is an ineffective detaching 

agent.  Whitten and Poppofl ,1962  have suggested that an associative 

detachment mechanism may be dominant. Be that as it may, oui investiga- 

tion showed that collisional detachment Is not very important in the 

solar flare-disturbed D-iegion.  The third and fourth terms in brackets 

are, according to our computations, approximately equal in magnitude 

but of opposite sign; hence they tend to cancel.  The negative sign of 

the third tonn In brackets [N^ - a^j is due to the fact that 

aD » a, (Cram, 1961)  Because of its very slight dependence on N 
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(4b) 

The photodetachment rate , was computed usinK recent measurements 

(Burch, Smith, and Branscomb 1958) of photodetachment cross section for 

02 and solar radiation flux measurements (Kuiper. 1953).  These yield 

a value of p = 0.35 sec"».  The value of the electron affinity of 02 

derived by Burch and others from the cross section data was 0.15 eV 

compared with the value of 0.46 eV obtained by Phelps and Pack (1961). 

Since the photodetachment cross sections arc expected to be decreasing 

functions of the threshold energy of the process, our computed value of 

p may be too large.  Hence A was also computed for values of p of 

0.10 sec"1 and 0.035 sec"»; the .■ profiles are shown in Figure III-5. 

The value p = 0.1 sec"
1 is provisionally suggested as the most probable 

value (see section IVA). 

The insensitivity of \ to changes in q and N  indicates that the approach 
to equUibrium of the attachment and detachment processes is quite rapid 
This is merely the result of relatively large attachment and detachment 
coefficients . 

and q, > is a slowly varying function of time1 and can be approximated 

by 

ßm 
X- = (4a) 

Because  of   the  weak   time-dependence  of   X,   the   last   term  on  the   right-hand 

side of  equation   (3)  can be  neglected.     The most   recent   investigations 

of   electron-02   attachment   (Chanin,   Phelps, and Biondi  1959;   Holt,   1959) 

indicate   that   in   the  D-regicn  it   is  primarily   a   three-body   process  and 

that   the  coefficient  K  where 

ß  = Km (5) 

bei  the  value  K =  (2 ±  1) x  IQ-"  cm6; sec   lor  an  electron   temperature  of 

250 K.     Equation   (4a)  can  then  be  written 

17 
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FIG. 111-5    NEGATIVE IGN-ELECTRON CGNCENTRATION RATIG PRGFILES 
FGR THREE POSSIBLE VALUES GF THE PHGTGDE UCHMENT 
RATE 

If   the values of K,   p,   r,  Q^,   a  ,   the neutral   particle concentra- 

tion   profile,   and   the   functional   relationship to  altitude   and   time  of 

the  electron  source  function  q(h,t.)   are  known,   it   is   possible  to compute 

the  electron  concentration   at   any   altitude   h   by  means  of   the   approximate 
form of  equation   (3): 

dN 
a (h . t 1 

(3a) dt      "if. (a   + xa. )N 
u it 

i« 
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Using tho  foregoing as  a basis,   wc  shall  now construct  a model  of 

the D-reglon during  sudden ionospheric  disturbances.     To  facilitate  this 

and  to obtain an estimate of  the  dissociative   recombination coefficient 

we  shall   utilize  thn N'RL Sunflarc   II   data and  sudden cosmic  noise absorp- 

tion data  presented   in Figure  III-l.     In  cssem i   our  task  i .s to  find a 

functional   form for q  and a value of  the dissociative  recombination 

coefficient  QL which,   when inserted  in  equation   (3a),   yield electron 

concentration profiles at various times during  the build-up phase  that 

agree  with  the observed  reduction  in   1H Mc cosmic  noise  intensity.     The 

mutual   ionic  neutralization coefficient  a.   does not  enter  the computations 

because  it   is  probably  smaller  than .r    (Grain,   1961)  and because  of 

the  fact  that  the negative ion-electron concentration  ratio at  most  is 

of  order unity  at  altitudes of  interest. 

The  relative cosmic  noise  intensity is given by  the equation 

Id 

r = exp[-2 /D  (kd  - knj  dh] (6) 
n 

where  1^ and  I     are  the  18 Mc  cosmic  noise intensities corresponding  to 

the  disturbed and normal   U-region,   respectively,   and j      indicates 

integration over that   segment  of  the  ray  path  which  lies  in the D-region. 

The  absorption coefficient   k   for   the case in which tu » v  is given 

approximately  by 

(Molmud,   1959),   neglecting gyromagnetic   splitting  which   is  of   little 

Inportance  at   1« Mc;   ..0  is  the   plasma   frequency,   i ,   the   signal   frequency, 

\,   the electron-neutral   particle  collision  frequency,   and  c  the  velocity 

of   light   in   free   space. 

In  constructing   this  model   we  considered  electron  collision 

frequencies  suggested  by  Pholps  and  Pack   (1959),   by  Nicolet   (1959,,   by 

Kane   (1960),   and  by   BarringtOD   and  Thrane   (1962;.     Those   proposed   by 

Phelps   and  Pack  were  based  on  drift   velocity  measurements  on  electrons 
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in Na  and  probably  constitute  a  lower limit,   while  those due  to Nicolet 

were  based on the  results  from a microwave  interaction experiment  carried 

out  by Anderson and Goldstein   (1956).     The  latter measurements  undoubtedly 

corresponded  to much  larger electron  temperatures  than was  realized  at 

the  time   (Formato and Guardini,   1959)  and  thus  yielded collision 

frequencies which  are  too large.     Lying between  these models  are  the 

experimental  results of Kane   (1960)  which were  based on in  situ    measure- 

ments of high  frequency  radio wave  absorption,   and of the cross modula- 

tion  results of Harrington and Thrane   (1962).     Since  these  results agree 

quite well  for a  quiet   ionosphere,  we employed  them in the computation 

of  the dissociative  recombination coefficient. 

The X-ray  spectrum given in Figure III-l,   together with  equations(1) 

and   (2),  may be used  to compute  the electron  production rate  profile 

as  a  function of  time if  we assume  a model   for X-ray intensity  time- 

dependence T(t). 

Several  simple  functional   forms of T(t),   as well  as several values 

of   the  dissociative  recombination coefficient QL,   were used  in 

equation   (3a),   which was  then integrated numerically  in order  to obtain 

the electron concentration profiles  at  various  times during  the  build- 

up phase.     These  profiles were  then used in conjunction with equations   (6) 

and   (7)  to compute  the relative cosmic noise  intensity  II     as a 
d'   n 

function of   time.     Upon comparson of   IJ(t)/I     with  the  sudden cosmic 
<i n 

noise  absorption data  presented in Figure III-l,   it  was immediately 

evident   that  only  one  of  the trial   analytical   forms, i.e.,   T(t)   = at"1, 

was  a   reasonably  valid  choice.     After various values ol   m In the  range 

J <  m < 1  were  tried,   it  was  found  that  m = 1/2 best agreed with   the 

sudden cosmic  noise  absorption data.     The value  of  a that best   agreed 

with   the  SCNA  data  was  aD  =   (2^*  x   lü"7  cm3/sec;   the uncertainty   in  a 

reflects  the  uncertainties  in   the  X-ray   spectrum  and the  electron 

collision  frequency   profile. 
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The decay phase was then treated in a similar manner.  It was found 

that the functional form T(t) = a'(to - t/ where t0 = 11.7 min, and 

a value of a = 2 x 10~7 cm3/sec were, when used to compute the relative 

cosmic noise intensity I.(t)/l  in the manner outlined previously, in 
dv     '   n 

reasonable  .igrccment   with  tin-   sudden  cosmic  noise  absorption  observa- 

tions until   15  minutes  after commencement  of  the  flare.     The  solid  curve 

in Figure  III-G  shows  the  analytical   form for T(t)  used in  these conpulatur.-. 
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FIG. 111-6    MODEL OF SOLAR RADIATION INTENSITY r   -  2 to 8A) AS A 
FUNCTION OF TIME FOR THE FLARE OCCURRING ON 
31 AUGUST 1959.   THE SOLID LINE REPRESENTS THE 
FUNCTION at';, 0 _t _5MIN. AND a' (11.7 ■ t) , t  > 5 MIN. 
THE BROKEN LINE REPRESENTS THE ESTIMATED X-RAY 
INTENSITY 

The   18  Mc   absorption  exponetu   2  /.(k,   -  k   )dh   is   shown   as  a 
' L) d   n 

function of time in Figure III-7.  The solid curve was obtained by 

substituting into equation (3a) the analytical form of T(t) and the 

values of a previously derived, then numerically integrating the 

equation to obtain the electron concentration profile, and substituting 

the electron concentrations N (h, t) so obtained into equation (7). 
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FIG. 111-7    18-Mc COSMIC-NOISE-ABSORPTION EXPONENT 2    kdh DURING THE 
BUILD-UP AND DECAY PHASES OF THE FLARE OCCURRING AT 
22:50 UT ON 31 AUGUST 1959.   THE BROKEN CURVE REPRESENTS 
THE OBSERVED ABSORPTION AND THE SOLID CURVE 
REPRESENTS THE COMPUTED ABSORPTION USING THE FUNCTIONS 
at'2 (0 '. t ^ 5min) ANDo'dl.?-t)2 (5min ■    f-   11.7 min) TO 
REPRESENT THE ELECTRON PRODUCTION RATE.   THE SYMBOL k 
IS EQUAL TOk   -k 

a        n 

The  profiles of   [kj(t)  - k   j  were  then  integrated over the   ray  path 
d n 

through  the D-region to obtain  the absorption exponent.     It  is evident 

from Figure  III-7   that   the  functional   relationship to time  ol   X-ray 

intensity T(t)  actually  increased  faster than  at1/2  during  the  initial 

portion of  the  build-up phase  and decreased   faster than a'(t0  - t)2  during 

the decay  phase.     This  is  indicated qualitatively  by  the  broken curve 

in Figure  III-6;   the broken curve  agrees qualitatively with X-ray 

intensity  time-variation data obtained  for two different   flares by 

satellite  1960 eta 2(R.   W.  Kreplin,   private communication).     We wish 

to  reiterate  that   the  factorization of Q(X,   h,   t)  in accordance  with 

equation   (2)   is  quite  artificial.      It   la  known,   for  example,   that   the 

X-ray   sprectral   form changes  with   time  during   the  decay   pha^e  of   a 

flare;   this  undoubtedly   accounts   for  part  of   the   disagreement  between 

the  observed  and  computed  absorption  exponents. 
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Figure  I1I-8 shows  the electron concentration  profile  at   22:54  UT 

as computed  by  the method outlined  previously.     The correspond! IIR  absorp- 

tion  coefficient  obtained  by  substitutinfj  the  data  contained   In 

Flpture   III-H   Into equation   (7)   is   presented  in  Figure   III-9.     This 

absorption coefficient   profile  is  in  roiiRh  aRreement   with  the model 

proposed by Mitra   (1960);   the  maximum at  about  80 km occurs  about   10 km 

hlRher  than   is   proposed   in   the  hißh   frequency   absorption  model   of 

Kanellakos  and  VI Hard   (1962). 

B.       Ionisation by Background  Solar X-rays 

The significance to normal I)-reglon lonl/atlon of recently reported 

values of background solar X-ray fluxes (Kreplin, 1961) has largely been 

Ignored.     The  purpose  of   this   section   Is   to  present   the   results  of   a 

FIG, 
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FIG. 111-9    18 Mc ABSORPTION COEFFICIENT 
PROFILE CORRESPONDING 
TO THE ELECTRON CONCENTRATION 
PROFILE PRESENTED IN FIG. 111-7 



1961  study  to assess  the   possible  role of  background solar  radiation 

in the  formation of  the  D-region. 

Current  concepts of  normal  D-region  ionization  processes seem  to 

favor the model   proposed  by Nicolet   and Aikin   (1960),   although other 

workers   (Inn,   1961a,   b;   Bourdeau,   1961)  have offered  feasible alternative 

hypotheses.     There  seems  to be  little  argument  about   the dominant   role 

of  cosmic  radiation in  the  production of   lower  D-region  ionization.     The 

crux of   the  present  controversy  is  the  lack of verified data on  the 

relative  influence of  solar Lyman-a radiation,   nitric oxide,  molecular 

oxygen,   cosmic   radiation,   particulato matter,   and X-radiation  tn  producing 

upper D-region  ionization.   Nicolet and Aikin   (1960)  concluded  that   free- 

electron concentrations  between  approximately 80  and 85 km are  produced 

principally as  a  result  of   the ionization of  nitric  oxide  by  solar 

Lyman-a radiation.     This conclusion is  the  result  of calculations employ- 

ing  a  theoretical  vertical  distribution of nitric  oxide,   an  assumed 

dissociative  nitric oxide  ion-electron  recombination coefficient,   and 

the   solar  radiation measurements  available before  1960.     Recent  work 

by Gunton and  Inn   (1961)   and by  the authors  (section  IV C,   this  report) 

shows  that   the dissociative  recombination coefficient  assumed by Nicolet 

and Aikin may have been  too small  by  two to three orders of  magnitude. 

This means either  that   the nitric  oxide concentrations  are  higher'  than 

those calculated by Nicolet  and Aikin or  that  another  ionization mecha- 

nism must  be  found. 

Inn   (1961a,b)   suggests a mechanism based on  the  ionization of  vibra- 

tionally  excited ground-state  oxygon molecules by  solar Lyman-a.     Bourdeau 

(1961)   suggests  that  cosmic  ray  ionization modified  by diffusion of  ions 

to  particulate  material   in the 60  to 80 km  region can account   for  the 

observed  conductivity   profiles. 

We   should   like  to  suggest   another   possibility   by   considering   the 

X-ray   spectra   reported  by  Kreplin   (1961)   as being  characteristic  of 

background   solar   radiation,   at   least   during  periods  of   sunspot  maxima. 
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Kreplin  reports X-ray  fluxes of  the order of  10^ erg/cm^  sec  in  the  2-8 A 

range  during quiescent  solar conditions.     These  values  are considerably 

higher   (by  two or three  orders of  magnitude)  than  those  utilized   for 

the   quiet   sun  condition  by  Nicolet   and  Aikin;   therefore,   an evnlu.tton 

of   the   possible effect   of   this   level   of   .olar  radiation  on  the  D-re.ion 

seems  appropriate.     This  suggestion  was  made  years  ago  by MÜller   (1935), 

again by  Rawer   (1952),   and more  recently  by Chamberlain   (1961).     UntU 

now,   however,   data  have  not   been  available   to  substanUate   the   suggestion. 

The  data  reported by Kreplin   (1961)   from  flight  NN «.69 CK  included 

values of  solar 3C-r.dl.Uo.  for  three energy  ranges and  «ere,   therefore. 

used   to  prepare  an  estimated  quiet   sun  X-ray   spectrum  as   shown   n, 

Figure   III-io.     The  data   from   flight  NN  8.68 CF,   though   not   as  complete, 

substantiate  the data  from flight  NN 8.69 CF. 
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FIG. IIMO    BACKGROUND SOLAR X-RAY SPECTRUM 
CONSTRUCTED FROM DATA OBTAINED 
BY SUNFLARE II PROBE NN 8.69 CF 
AT 15:59 UT ON 8  14 59 
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Using the spectrum of Figure 111-10, the appropriate solar zenith 

angle (45 ), the appropriate X-ray cross sections, and ARDC 1959 model 

atmosphere, a profile of electron production rates was calculated. It 

is shown in Figure III-ll. 

Since the radiation measurements were made during quiet solar con- 

ditions, it is ■ good approximation to consider the D-region to havc 

been in a steady state.  The electron density N (h) at Kltltud« h is 

then given by 

Ne(h) 
(1   +  >)(QD  +   X^J (1) 

Measurements of background X-ray spectra and intensities  at   sunspot 

maximum reported by  other observers  tend  to confirm the NRL data  and 

our estimated spectrum.     The  spectrum measured by  the SL 40  rocket 

(9/27/61)  is in close agreement  with our estimate  in  the 4-9 A   region 

(Pounds,   1962).     The measurement  of  intensities by  Pounds  and Sanford 

(1962)   during  the   period  1959  to  1961  varies   from   Ul-3  ergs  cm"2   sec"1 

in  the  4-10 A  range   to  1.5  x   10"3  ergs  cm-2   sec"1   in  the   2-H A   range. 

Mandel"shtam,  £t   al.,   (1962)  report  rocket  measurements of   1.6 x  K)"4 

ergs cm"2   sec"1   in the 0-8 A  range  to 7.3 x  10""  ergs cm"2   sec"1   in  the 

0-10 A   range  in   1959.     Reported  measurements  of  0-10 A  background  X- 

radiation by  satellite observatories in  succeeding years  vary  from  loss 

than 0.6  x  lü"3 ergs cm"2   sec"1   (Kreplin,  Chubb,   and Friedman,   1962) 

to  1.5  x  10"4 ergs cm"2   sec"1   (Neupert,   et  a_l. ,   1962).     Note  that   all 

of  these measurements  are within the  range  found to be  significant   for 

D-region  ionization by  the calculations described in this  section. 

in  which   ,',   is  the   negative   Ion   to electron  concentration   ratio,   a    is 
I) 

the dissociative recombination coefficient, and a. is the mutual ionic 

neutralization coefficient.  It can be shown that, if we restrict the 

discussion to altitudes above 70 km, omission of >a will introauce 1 

an error of less than half an order of magnitude in N (h) at the lower 
e 

altitudes, thus simplifying equation (1).  From our assumption that 
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FIG. 111-11    ELECTRON PRODUCTION RATE AND CONCENTRATION 
PROFILES CORRESPONDING TO THE X-RAY 
SPECTRUM SHOWN IN FIG. 111-10 

the ionization is caused by solar X-rays,   It   follows  that   the  ionic 

processes  would be  similar  to those in  the  same  rc-Rion  produced by  solar 

flare  radiation.     We considered  this  problem in  an earlier  paper   (Whitten 

and  Poppoff,   1961),   deducing  a  value of  a    =  3  x   K)-7   cm6/sec   and   a  X 

profile given by  the curve  labeled n = 0.10  in Figure  III-5. 

Using q(h)   from Figure  111-11,   the   ■   profile  referred  to above, 

and   the   above   value  of  Q^,   the  electron concentration  profile  of 

Figure   III-ll   is  obtained.     The  values  obtained   are  within   the   spread 

Of  observed   values  for  D-region  electron concentrations   at   these  altitudes 

(Ratclifie,   1960).     The X-ray  intensity could  be  an order of  magnitude 

lower  and   still   be  adequate   to  account   for  some  of   the   lower  estimates 

of  D-region  electron  concentrations.     If   the   spectrum   shown  in-Figure   111-10 

is   'softened'   so  that   the  X-ray   intensit>   at   ■   =  4  A   is  about   10"'   erg, 

cm2   sec  A,   the   100  cm"3   level   in  the  electron-density   profile   (Figure   III-1J 
is   raised   to  about   76  km. 
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The electron concentration profile of  Figure  III-ll  is not  intended 

to  serve  as  a model   for the  D-region.     It  does,   however,   illustrate  the 

possible   role of X-radiation in  the  altitude  range  70  to 90 km.     It 

also  shows   that,   if  the  solar  radiation  flux measurements  used  for  the 

calculations are  representative   (to within  an order of magnitude), 

electron concentrations in  the upper D-region can be  accounted  for with- 

out  recourse  to hypotheses  requiring Lyman-a ionization.     Preliminary 

calculations indicate  that,   if the electron concentrations estimated 

above are combined with estimates of  ionization produced by cosmic   radia- 

tion,   the classical  D-region electron  profile can be obtained which 

includes  a  peak or  inflection   (depending on  relative values  of cosmic 

and X-ray   fluxes)  at  middle  D-region altitudes.    A   reasonable model 

must,   of  course,   include all  valid hypotheses of  D-region electron 

production  processes.     The  inclusion of  Lyman-Q ionization processes, 

as well   as cosmic  ray and X-ray  ionization  processes,   would  probably 

result   in electron  profiles with  several  inflections or  peaks   (or at 

least  changes of  gradient)  whose position would vary with diurnal, 

seasonal,   and  solar-cyclical   patterns. 

C.       Ionization by Auroral   Electrons 

1.       Intruduction 

For many years,   observations have been  made of  "soft" electro- 

magnetic   radiation  at   low altitudes  in the  auroral   zone.     Van Allen 

(1955)   suggested  that   the observed  radiation was bremsstrahlung generated 

by   low energy  electrons.     Following  this   suggestion.   Chapman  and  Little 

(1957)   and Chapman   (1959)   prepared models of   the  lower  ionosphere  which 

showed   that   this  interpretation  was  consistent   with  observations  of 

radio  absorption  in   the  auroral   zone.     Meanwhile,   observations  were  made 

by  Anderson   and  Enemark   (I960)   of   the  bremsstrahlung   spectrum  which 

furnished   the  basis   for estimates  of   the  spectrum  of   the  generating 

electrons.     Although   the  source  of   the  electrons  is   still   somewhat   con- 

troversial,   it   has  been   shown   that   qualitative  correlations  exist   with 

geomagnetic   activity   and   with   solar  activity. 
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Close correlations with cosmic noise absorption have been observed. 

This, of course, suggests a possible approach to the study of atmospheric 

relaxation processes, similar to the SID study made earlier in this 

project and described in III A (Whitten and Poppoff, 1961).  However, 

the area of electron bombardment is relatively small and not stationary. 

Thus simultaneous observations of the radiation from balloons and of 

cosmic noise absorption by ground-based riometers were very difficult 

to obtain and, in fact, did not exist.  Recently, however. Brown and 

Campbell (1962) reported simultaneous observations of radio noise 

absorption and radiation flux during a magnetic disturbance at College, 

Alaska on June 25, 1961.  The existence of these observed data provided 

the opportunity to attempt the construction of a model of the Ionisa- 

tion produced by auroral electrons and the resulting electron and ion 

profiles. Although the model could not be completed for this report, 

a considerable portion of the work has been done and will be described 

in this section. 

2.   lonization by Electrons 

The procedure followed was generally that suggested by Chamberlain 

(1961), which is essentially to consider the incident electrons as a 

plane source normally incident to the atmosphere.  By making such an 

assumption, the extensive work of Spencer (1959) at the National Bureau 

of Standards could be utilized.  The weakness of this assumption would 

seem to lie in the obvious fact that the electrons are not normally 

incident but arrive with an angle of incidence controlled by the geo- 

magnetic field in the bombardment area.  Quite obviously, a calculation 

that considered these factors would be beyond the resources of thlfl 

study.  However, calculations reported by Poacrsen (1962) show that the 

penetration altitude  would not change appreciably with angle of Inci- 

dence.  For example, he notes that 100 keV electrons at vertical inci- 

dence would penetrate to 80 km, whereas at angles of incidence 30° and 

60° from the vertical, they would penetrate to 81 and 85 km, respectively 

Brown and Campbell (1962) reported an electron flux of U)8 per 

cir3 see in the energy range greater than 50 keV at the peak of the 
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ionization event.     In making  their estimate  an electron  spectrum of 

N
e  = k E~    was  assumed and the computing  procedure  reported by Anderson 

and Enemark   (1960)  was utilized  to obtain electron  flux  estimates  from 

measured X-ray  fluxes.     An area  of bombardment  of  15,000  to 40,000 km2 

was estimated. 

Using  the above data,   an extension of  the National Bureau ol 

Standards work,   and  the ARDC  1959 model  atmosphere,   an altitude  profile 

of  the  peak  ionization  rate was computed.     The energy  range  waa extended 

to  10 keV  in  the  low energy  and   to 200 keV in the  high energy end  of   the 

reported  spectrum.     The  results  are  illustrated in Figure  111-12  and  111-13. 
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FIG. 111-12    IONIZATION RATE vs. ALTITUDE (PER ENERGY INTERVAL) 
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Study of the calculated curves immediately reveals an obvious 

difficulty.  Because of the steep energy spectrum of the incident 

electrons, the lowest energy portion is always dominant in determining 

the peak in the ionization rate profile.  Therefore, the low energy 

cutoff point should be considered very carefully in the preparation of 

.in adequate model. 

Although electrons have been delected with energies as low as 8 keV 

(Davis, Berg, and Meredith, 19ti0), recent analysis of auroral bremsstrahlung 

measurements by Winckler, Bhavsar, and Anderson (1962) suggests that the 

:il 



electron energy is co-icentratod in the 20-100 keV region, with a 

maximum intensity in the 50-80 keV region of the electron energy 

spectrum. 

Th<- crux of the problem for this study would, of course, be the 

absorption of radio frequency energy by the D-region.  The maximum in the 

ionization rate profile not only increases in magnitude with decreasing 

electron energy, but also in altitude.  Since collision frequencies 

decrease with altitude, a compensating decrease should also occur in 

radio absorption coefficients.  Thus, the effect of imprecise knowledge 

of the low energy cutoff may not be critical.  Reid (1961J, in studying 

proton ionization effects during polar radio blackout events, found that 

lack of knowledge of low energy proton cutoff points was not very 

important. 

3   Ionization by Bremsstrahlung 

Obviously (see Figure III-l2j the altitudes at which incident 

primary elections are absorbed and bremsstrahlung is produced va y 

greatly with energy, from about 75 to 100 km for the energy range 

considered.  Inasmuch as the penetration altitude of the bremsstrahlung 

is a function of the source altitude, this should be considered in the 

calculation of bremsstrahlung ionization rate profiles.  In these 

calculations, it was assumed that bremsstrahlung is produced at the 

altitude of peak absorption of the incident primary electrons in the 

energy ranges used in preparing the curve« of Figure 111-12. 

Profiles ol ionization produced by bremsstrahlung generated 

by electrons in each of the several electron energy ranges were computed. 

The calculated ionization rates were then summed for each altitude and 

a profile was prepared of ionization rates produced by bremsstrahlung 

generated by the entire spectrum of elections. 

Bremsstrahlung spectra were computed by following the treatment 

described by Anderson and Enemark (1960J which can be summarized as 

fol1ow s . 
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The number of photons produced by an electron of kinetic energy 

E in passing through a thickness d? g cm"2 of material having radiation 

.1 

n(Ia; E)  = /    dutU)  = i-/ ini.^ 
e R a 
'a 

Using  the approximate  range-energy  relation R . B/2000,   where E 

is  expressed  In  keV  and  R  in  g  cm"2 .   the  above  equation can  be  integrated 
to give 

n(Ea;   E]   =    2000 L   lE(ln E'Ea  "   l'   '   Ea' n 

H i 

The number of photons produced l„ each of a series of energy intervals 

fron. 1-2 keV up to the energy interval of the primary electrons was 

then computed for each electron energy interval used in Figure 111-12 

length L    g cm"2  is 
R 

<Vi) =r/V='/h ?=  ^ln|- 
R v=ca/h     ' LR        Ba 

V = frequency of photon 

Ea = chosen discrimination level or the lower 
limit of energy interval considered. 

The number of photons with energies above the discrimination level E 

produced by an electron initially of energy E traversing its entire 

range is 

The expression for another, higher discrimination level, E   would 

be identical except for the subscripts  The number of photos in the 

energy interval Ea to E^ produced by N electrons of energy E is 

"'V^l)    ^^"^"(^-VJ 
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The bremsstrahlung flux at the distance R from a large Isotropie 

radiation can be computed as follows:  (see Figure Iir-14j.  The contri- 

bution from each unit increment is 

„i = iLlnü1!: A „ 

where i0 is the number of photons emitted per unit source area and r 

is the distance from the center of the source to the unit source. A 

and B are attenuation and scattering terms respectively. 

UNIT    INCREMENT 
EMITTER 

UNIT 
VOLUME 

RECEPTOR 

«a - 36^4 - 5% 

FIG. 111.14    SCHEMATIC OF RADIATION GEOMETRY 
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The  attenuation term, 

A = exp   (   - /    MT(E)dR), 
o 

can,    for   this  application,   be expressed  as 

A   = exp   (- -I M |) 
Po       d 

The scattering term is approximated as 

MS(E)  R 
B = ' + TTEJ  

/  ^T(E)dR 
av '  o 

and can, for this case, be expressed as 

B = l +^ ^MH 
Ma Po  a 

where ^ = linear absorption coefficient, ^ is the linear scattering 

coefficient uT = ns + Ma . total attenuation coeffidont, M is the mass 

of atmosphere in a vertical column of unit cross section and d cm in 

length, p is the atmospheric density at altitude h and p0 is the density 

at N.T.P. conditions. 

The total flux at altitude h produced by bremsstrahlung photons 

of energy Ep emitted from a source at altitude h . d is 

r » R 
I(h,EJ . /      dI 

The ionization produced at h by the absorption of photons with energy 
E  is 
P 

q(h, Ep) = I E  H £(^§02) ion pair/cm* sec 

The total lonization rate at an altitude h is 

\   =Z  ^h'   Ep' 
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where q is summod over the photon energy spectrum for the bremsstrahlung 

produced by primary electrons, in a particular energy interval E„. 

absorbed at an altitude h + d; and then summed over the entire spectrum 

of primary electrons, absorbed over the entire altitude range of interest 

The results are presented in Figure 111-15. 
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FIG. 111-15    PEAK BREMSSTRAHLUNG IGNIZATION RATE PROFILE 

The combined electron-bremsstrahlung ionization  rate  profile  for 

peak   primary  electron   flux  is   presented  in Figure   111-16.     The   temporal 

3t; 



115 

105 

=i». 

65 

H 

*i 

39 

.'5 
10' 

I0NI2AT0N  RATE 
10' 

• cm'3 «c 
10 

• C    Ml«   il 

FIG. 111-16    PEAK IONIZATION RATE PROFILE - ELECTRONS PLUS BREMSSTRAHLUNG 

variation of  the  ionization    rate     q     presented  in Figure  111-17   is 

a   smoothed  version  of   the    bremsstrahlung  curve   recorded  by  Brown   and 

Campbell   (1962). 

4.       Electron  and  Ion  Densities 

Knowing  the  ionization  rate,   q,   as a   function  of   time and  altitude, 

the  free electron concentration,   N   ,   and   the  ratio of  negative  ions  to 
e 

electrons,   >,   can be  computed by  utilizing  the  following  well-known 

continuity equations   (Mitra,   1952;  Whitten and  Poppoli,   19Glj 

dN ,„, N 
_£ _ Bill .  la   + Xa IN

2
 - -^- ^ 

dt      "  l + > {aD +  XCVNe       1 + A  dt 

q(t) __ = ,„,_  Mp  +   , n  +   Ne(Qi   _ %)   + _^ 
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where QL is  the  dissociative   ion-electron  recombination coefficient,   Q 

is  the  ion-ion mutual  neutralization coefficient,   £ is the electron- 

oxygen  attachment coefficient,   pis the  negative-ion  photodetachmtnt 

rate,   )   is  the negative-ion collisional   detachment  coefficient,   m is 

the concentration of  the  attaching  species   (02  or O),   and n is  the 

concentration  of   the  species  causing  collisional-type  detachment. 

Unfortunately,   the computations of  electron density  profiles could 

not   be  completed  in  time   for  this   report.     Calculations  of   temporal 

variations in electron concentration were made  for the altitude  range 

75   to  120  km  and  are  presented in Figures II1-18  and   111-19.     Calculation 

of   an  electron  density   profile   was  made   for   the   peak  ionization   rate 

(51.6  minutes)   for   the   range  40   to  120 km   (Figure   111-20);   this  can  be 
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FIG. 111-19    ELECTRON CONCENTRATION PROFILES FOR SEVERAL TIMES 
DURING THE EVENT 
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compared with the peak ionization rate profile (Figure 111-16).  The 

coefficients for recombination, neutralization, attachment and detachment 

were taken from the appropriate sections of this report.  The initial 

conditions for X were also taken from this report (see section III A). 

The coefficients used for altitudes below 80 km become increasinRly 

more speculative as the altitude decreases.  The assumptions made in 

selecting coefficients for the lower altitude regions are noted in 

Table 111-2. 

Although the observations by Brown and Campbell (1962) were made 

in the vicinity of local midnight, calculations indicate that the atmos- 

phere was illuminated throughout the observing period above at least 

3 km.  Therefore, there should be no question about the occurrence of 

photodetachment above the ozone layer. 

In order to facilitate the calculations and provide rough estimates 

of electron concentrations for this report, simplifying assumptions were 

made in the continuity equations.  For computations of electron concentra- 

tions above 75 km, X was considered constant with respect to time.  For 

computations below 75 km , Q and CL were considered equal.  The results 

for altitudes above 75 km are considered to be good estimates In terms 

of the present state of knowledge.  The results for altitudes below 75 km 

are much less defensible at this time and should be considered to be 

very provisional.  The assumptions will be more carefully evaluated and 

better results should be obtained in the near future.  Time-depemlenl 

solutions for X will also be attempted. 

Comparisons of the temporal-variation curves of electron densi- 

ties (Figure III-18J and the temporal-variation of cosmic noise absorp- 

tion (bottom of Figure 111-18) are noteworthy.  Inasmuch as cosmic noise 

absorption is dependent on free electron densities, the sii. llarity 

between the shape of the electron concentration curves and the shape of 

the cosmic noise curve indicates that the auroral ionization model is 

at least partially valid.  It is interesting to note that the decay of 

the electron density curves (after the two ionization maxima at 51.6 
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Table   III-2 

INITIAL CONDITIONS AND RECOMBINATION  PARAMETERS 

.1 

a 
Values of C)D below 75 km assume a clustering of molecules, values of OD above 
80 km are from curves of temperature dependence In this report. Chapt  IV 

b 
Three-body Thompson coefficient below 45 km 

"Above 85 km radiative attachment to 0 considered dominant, below 80 km three- 
body attachment to 02 considered dominant 

Above 85 km detachment from 0~ 
from 0Z  considered dominant 

considered dominant, below 80 km detachment 

Above 65 km associative detachment considered dominant 
collisional detachment considered dominant 

below 60 km 

Above 85 km initial 
Below 80 km initial 

where 

considered  equal   to 
considered  equal   to 

:-r!oJ/( (0 ) 

;■ r = radiative attachment coefficient for 0 
[0] = concentration of atomic oxygen 

= three-body attachment coefficient for 02 = Klü2J (see Sec. Ill A 3 
[02J = concentration of molecular oxygen 

p(0") = photo detachment rate for 0~ 
p(0a ) = photo detachment rate for 0;," 
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Recombination Parameters Initial 

Altitude 
(km) 

Condi tions 

QD 
a 

Qfl 
b fm c d rne N c , 1 

cm3 sec cm3/ sec sec -i sec-1 sec-' cm-3 
X 

25 2.0 x lO-6 2.1 x lO"7 3.6 x 10« 0.1 1.6 x IO-2 < 1 3.6 x IO5 
30 2.0 x 10"6 9 3 x 10"" 8 1 x 103 0,1 1.5 x IO-2 <.l 8.0 x 10" 
35 2.0 x lO-6 4 5 x 10"8 1.7 x 10 3 0 1 8.5 x IO-3 1 2.0 x IO4 
40 2 0 x 10"6 1 8 x lO"8 4 1 x IO2 0 1 6.0 x IO-3 8 4 x 103 
45 2.0 x 10"6 1 0 x lO"8 9 7 x 10» 0 1 4.0 x U)-3 20 9.7 x IO2 

50 2.0 x lO"6 1.0 x lO"8 2 5 x IO1 0.1 6.0 x IO-3 30 250 
55 2.0 x lO-6 1.0 x lO"8 9.5 x 10° 0.1 4.0 x IO-3 50 95 
60 2.0 x lO-6 1 0 x lO"8 2 4 x 10° 0.1 9.0 x IO-4 a x io2 

24 
65 1.5 x lO"6 1 0 x lO-8 6.9 x ]()-' 0 1 4.0 x IO-4 2 5 x 102 6.9 
70 1.0 x lO-6 1 0 x lO"8 2 0 x io-> 0 1 2 0 x 10-3 4 x IO2 2 0 

75 8 0 x lO"7 1 0 x io-8 4 5 x IO"2 0 1 4.0 x IO"3 6 x 10- 0 3 
80 6.0 x io-7 1.0 x io-8 9 0 x IO"3 0 1 1.0 x IO-2 6 x IO2 4.5 x IO-2 
85 5.1 x lO-7 1.0 x IO-8 2.0 x io-3 1 0 1.5 x IO-2 1 .5 x IO3 2 x 10-3 
90 5.0 x lO-7 1.0 x 10 8 4.0 x io-3 1.0 3.0 x IO-2 2 x IO3 4 x IO-3 
95 4.7 x lO"7 1.0 x 10"* 6.7 x io-3 1 .0 5.0 x IO"2 6 x IO3 7 x IO"3 

100 4.2 x lO"7 1.0 x io-8 2 7 x IO-3 10 2.0 x IO-2 3 x IO4 2.7 x IO"3 
105 3.8 x IO-" 1 0 x io-8 2 2 x io-3 1.0 1.6 x IO-2 10» 2 2 x IO-3 
110 3.4 x lO"7 1 0 x io-8 1.3 x IO"3 1 .0 1.0 x IO-2 2 x 10s 1.2 x 1Ü-3 
115 3.0 x lO"" 1.0 x io-8 5.4 x io-4 1.0 4.0 x IO-3 2 x 10* 5.4 x 1Ü-4 
120 2.6 x 10"7 1.0 x io"8 2.7 x io-" 1.0 2.0 x IO-3 2 x IO5 2.7 x IO-« 



and 75 mins) reassemble the decay of the cosmic noise absorption curve 

more closely as the altitude decreases.  The results are not yet 

sufficiently complete to determine the altitude range that is most 

effective in producing this particular cosmic noise record.  However, 

the data do seem to indicate that the lower altitude electron densities 

are important.  Inasmuch as the collision frequency increases rapidly with 

decreasing altitude and the electron density in the range 75 km to 60 km 

decreases slowly with altitude, (and in fact increases to a maximum point 

at 60 km according to Figure III-20; it seems reasonable to expect that 

the electrons in this region are very important In producing cosmic nosie 

absorption. 

lonization in this region is caused by bremsstrahlung rather than 

primary electrons.  (Compare Figures III-13 and 111-16) Therefore, 

if the apparently important influence of lower altitude electron 

concentrations is confirmed by future results, the importance of 

bremsstrahlung will also be demonstrated. 

D.   Chcmionizatioii 

Chemiotuzation, which is the production of electron-Ion pairs by 

means of chemical reactions, has been Investigated In the laboratory 

only relatively recently (Kunkel and Gardner, 1955; Kunkel, 1956; Smith 

and Gatz, 1961).  Since various reactants which can produce chemlonlza- 

tlon are present In the upper atmosphere. It Is considered worthwhile 

to Investigate the possible effects on lonization levels and relaxation 

times.  Several energetically possible processes are: 

N  +  N  +  NO    -NO    +   N2   +  o 

N+N+M^   N2+M 

N2   +  NO  ->   N2   +  NO +  e 

Na  +  0 +  0    .    Na    +  02   +  e 

(2a) 

(2b) 

(3) 

where  M  represents  an  unspecified  third  body.     Processes   (l)   and   (2) 

are exothermic  and   (3)   is endotherraic  by  an amount  approximately  equal 
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to the mean kinetic energy of the reactants.  In process (2) the inter- 

mediate excited state N* can also decay by emission of radiation.  Hence 

it must be metastable against radiation if the collisional mode (2b) 

dominates. 

The corresponding electron production rates q are 

Qi - k, [NJ2 [NO] (4j 

q2 = kaa k-.b [S/*   fNOl.'Ml 

- + k2b [NO, 

<i3  =  kj ,NaJ .Oj2 (6j 

where the kQ-S are the rate constants of the corresponding processes 

listed above and T is the lifetime of N* with respect to radiation. 

The concentrattons of the indicated atomi. and molecular species at an 

altitude of 80 km are estimated to be of the order 

[M] - 106 cm"3 (Barth, 1961) 

iNOj   lüs cm-1 (Barth, 1961) 

[Oj - lO"2 cm"3 (Barth, 1961) 

[U]   -  10l*  cm-3 (Minzner, et aj^., 1959; 

[Naj - 10« cm-3 (Bates, 1960) 

Actually, Bates reports several measurements of the number of sodium 

atoms in a vertical column to be of the order 2-5 x 109 cm"2.  Since 

most of the sodium lies in the altitude range 80 to 100 km with a peak 

at 85 km, the concentraf on of sodium at 85 km is estimated to be 

10« cm"3 if we assume that all of it exists as free atoms. 

Assuming (l) that the reaction rates are of the order K)-'0 cm3 sec"1 

for two-body processes and , lO"30 cm6 sec"« for three-body processes 

(these values are upper limits for the rate constants), {2j   that the 

radiative lifetime of N* is - 1 sec, and (3) that no activation energy 

is required in the reactions, we obtain 
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Il ~ 10"l2 cm-3 sec" 

«1 «- 10~8 cm"3 sec"1 

da - 10"
2 cm"3 sec-1 

of which q, and q2   are so small that equilibrium concentrations of elec- 

trons produced thereby are only of the order 10"2 and 1 cm"3, respectively; 

we, therefore, neglect them.  However,process (3) may be of marginal 

significance as a means of producing electrons at night in the region 

80 to 90 km.  In order to determine the nighttime contribution to the 

electron concentration from chemionization one must solve a number of 

first-order nonlinear differential equations with and without the chem- 

ionization source term; the equations containing the sourco term 

kj [Na^ [0]   are 

^l2i = kjfNajIO]2  - cyNO^lW^He)  ♦ y   [0]«]  - HÖ2):o2]M  - K[02]
a[e] 

(7) 

dtW>  *    = k,[NajlOj2  - a (Na+.  OjlNa^jio;] (8) 
dt i 

ÜSli = - a. (N0+.   0;)[lK)+](0;]  - aD{N0+)[N0+Ue] (9) 

±£*~    = K.O,;2^    ♦  ß(0;)[0t][e]   -   la.(Na+,  O^iNa*     + a.(NO+,  0^) [N0+]] [0^! 

- >[ojio;j (io) 

where a    and Q    are  the  dissociative  and  ion-ion  recombination coefficients 
D i 

of  the  species  indicated,  K  is  the  three-body and ^ the  radiative electron 

attachment  coefficient  of Oj,   and  y   is  the associative  detachment  coeffi- 

cient   of  02 .     Actually  negative  ions other  than 02  and  positive  ions  other 

than N0+  and Na+ may  also be  important.     Their  inclusion  would  further 

complicate  an already  formidable   set  of  equations.     Not  only  is  the 

solution difficult  but,   more  important,   the values of  many  of  the  rate 

constants  are  unknown. 
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One can arrive at rough estimates of the electron concentration at 

severai hours after sunset by adding equations (7) and (10) and assuming 

that the negative ion-electron concentration ratio X - -fSi !■ nearly 
constant in time. ^ 

d[e] 
dt 1 + X 

- X [ 
a.(Na+,0j)(Na+] + ^(NO+,o;)iNO+; 

:Na
+, + iN0+ 

aD(NO
+)[NO+: 

.Na*' + ;NO+: 
He]» (11) 

We further assume that 

X * 1 

Q^NO , 0,) = lO"8 

ai(Na
+, OJ) = lO-8 

aD(N0
+) • lO"7 

^this paper) 

(Bates, 1960) 

(this paper) 

le]initial ■■ 1300 t-•m"^ 

Electron concentrations at various times after sunset were computed 

using the values of the coefficients and concentrations given above 

for two cases: (1) without the occurrence of chemionizatlon, and (2) 

with the occurrence of chemionizatlon.  The results are presented in 

Table IV-6. 

Table IV-6 

NIGHTTIME r .ECTRON CONCENTRATIONS 
(at 85 km) 

Time after 
Sunset 
(hrs) 

[ej Without 
Chemionizatlon 

(cm"») 

[e] With 
Chemionizatlon 

(cm"') 

a 
effective* 
(cm3 sec"1) 

1 900 1000 6.5 x 10-e 

2 670 800 6.4 x 10"' 
3 540 690 5.5 x IQ-8 

4 440 600 5.5 x 10"8 

5 380 540 5.0 x lO-8 

6 340 500 4.2 x IG"8 

7 300 470 3 x ID"8 

♦With chemionization occurring but not included in the 
calculation of a 

effective' 

17 



It is evident that even if the rather extreme value assigned to 

the electron production rate q3 is correct, the effects of chemioniza- 

tion on the nighttime ionosphere are marginal at most. If chemloniza- 

tion is present and is not considered in deriving the effective night- 

time recombination coefficient (from observation), the latter will 

appear to decrease steadily throughout the night; this is shown in the 

right-hand column of Table IV-6.  Ultra (1957) has reported such an 

observed decrease in a ..      between 85 and 110 km altitude.  He 
effective 

has attributed it to electron attachment. However, the lifetime of 

electrons with respect to attachment is only of the order of a few 

minutes in this region and the attachment process thus approaches 

equilibrium rapidly.  Nevertheless, one cannot cons'der this evidence 

as definitely supporting the suggestion of chemionization, particularly 

since process (3) cannot be expected to be effective above 95 km. The 

question is open. 

Chemionization is of potential importance in the ionosphere only 

when other sources of ionization are absent or very small.  For example, 

the ultraviolet radiation from a nuclear explosion is expected to cause 

momentarily a very high degree of dissociation of N2 and 02 in the 

vicinity of the fireball, perhaps 10%.     Large concentrations of NO will 

also form and the electron production rate from chemionization will be 

quite large—a value of q, « 108 cm"3 sec"1 would not be unreasonable. 

However, the local photoionlzatlon will be so large^as to completely nmsk 

the chemionization effect. After the initial flash of ultraviolet 

radiation and X-rays, the atomic nitrogen and oxygen concentrations 

will rapidly decay to their normal values since radiation from fission 

fragments Is not very effective In causing dissociation.  Therefore one 

would expect chemionization to cease Immediately after the initial 

radiation. 
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Three-body attachment 

O2 + 02 + e -. oj + 0;, 

02 +0 + e-.Oj+o 

02 + 0 + e . o2 + 0" 

Radiative  attachment 

02   +  e  -.   02+  h\ 

0    + • -*   0" + hv 

(la) 

(lb) 

(1c) 

(Id) 

[H) 

■ 

IV    DE-IONIZATION PROCESSES 

A-       Negative   Ions 

1•        Introduction 

Existing knowledge  of   the nature of   the  neutral   species  present 

in  the   upper  atmosphere  appears  to  restrict   the possible  species of 

negative  ions  to o".   oj.   O^   H".   ^   and  OH".     Which  of   these is  the 

ominant   negative  .on is  a  .uesUon which  can  only  be  definitely answered 

by -ss spectro^etric measurement»,     u  may even turn out  that  some 

species not  considered  heretofore   is   the most   important  one.     Having no 

^ea of  the  nature of   such   a  species,   however,   we must   of  necessity 

-strict  out   discussion  to  the  six  previously  mentioned. 

^ The numerous  processes  involving   the  formation,   destruction,   and 
s  uf   n interchanKe  of  neeative  ion   ^^^ fflay  ^  ^^^ ciaggi_ 

aed  as  three-body  attachment,   radiative  attachment.   colliSional   type 

det     h photodetachment(   ion.ion   ^^^^^   cha^  ^^^^ 

and fu ion  to dust.     The   ^^^^  iist  ^^ ^  ^^   ^^   ^ 

pssib e     ut   aoes  include  all   processes considered potentiaUy  important 
(except  diffusion to dust): 

(le) 

H    + e -*   H" + hv 
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Photodetachment 

Oj   +  hv  -.   02  +  e (lg) 

o" + h\     .   0    +  e (lh) 

H"  + hv   -   H     + e (li) 

NOj   +  h\   -.   NO,   + e (lj) 

OH'  + h\   -   OH + e (Ik) 

O3     +  h.   -   Oj  + e (li) 

Col 11sional-type detachment 

02   + M    •   Oj   + M +  e (im) 

Oj   + 0    •   0,  +  e (in) 

Oa  + 0   ^   Oj  + h\ ;  Oj  + O  -.   O,   -►  02   + c            (lo) 

0+0—   02+e (ip) 

H"  +  H     •    H2   + e ,                              (iq) 

OH"  + H   -.   H20 + e (ir) 

N +  Sol    -   N2  + 02  + c (is) 

0^   »  0   -   02   + 02  +  e (U) 

Ion-Ion  recombination of  the types 

O"   r 02   -   02   > 02 (lu) 

0~  + N2   -.   NO -t   N (iv) 

02   + 02   +  M    ■   02   + 02   + M (iw) 

Charge  transfer and  ion-atom interchango 

02   +  0    -    02   +  0' (ix) 

0    +  N02   -   0 +  NOj (iyj 

0, + H -.   08 + H" (1Z) 
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02 + OH -. 02 + OH~ 

0  + OH -^ 0 + OH~ 

Oj + NJ - N + NO~ 

N + oä + M - SOl  *  > 

0  + 02 + 02  . Oj + 02 

02 + 0 + 02 - OJ + 02 

Electron Attachment 

(Ina) 

(Ibb) 

(lee) 

(Idd) 

(lee) 

(Iff) 

The formation of O^ by the three-body process (la) has been investt- 

gated by Chanin and coworkers (1959) who found the rate constant to be 

sufficiently large to make the reaction of great potential importance 

in the D-reglon. For example at a temperature of - 200OK which is 

typical of D-region altitudes one obtains a value for the rate constant 

of K = (1.4 t  0.5) x IG"" cm', sec.  These investigators also found that 

N2 is not an efficient -third body" in this type of reaction, being 

only .bout 2%  as effective as 02.  The effectiveness of atomic oxygen 

as a "third body" has not been investigated. However, it is reasonable 

to .ssume that it is not more efficient than 02 and we therefore neglect 

process (lb) because of the small (relative to 02) concentrations of 

atomic oxygen in the D-laycr. 

Owing in part to obvious experimental difficulties, three-body 

attachment to atomic oxygen, process (ic), has „over been investigated. 

However, we may arrive at a very rough estimate of the ratio of the 

rate constant to that of process (lb) from the w.,rk of Curran (1961) 

on dissociative attachment to ozone.  Curran found that the branching 

ratio of the processes 

0, * 02 + 0 

e -. 0 

(2a) 

(2b) 

ssume that the rate of electron attachment to 

02 and 0 is about the same in the unbound state (processes (lb) and 
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(1c)) as in the bound state (process (2)), we can assign a branching 

ratio to processes (lb) and (le) of order unity.  We have already 

advanced arguments for neglecting process (lb) and thus we neglect 

(1c) also. 

Branscomb and coworkers at the National Bureau of Standards (Branscomb, 

Burch, Smith and Geltman, 1958; Burch, Smith and Branscomb, 1958; Smith 

and Burch, 1959; Smith and Branscomb, 1960) have measured the photo- 

detachment cross sections of o", 02, and H for photon energies near 

threshold up to several electron volts (to be discussed in detail later). 

The radiative attachment cross section a   (0 ) can be easily obtained 

from the photodetachment data by use of the principle of detailed 

balancing: 

where < is the momentum of the incident photon divided by-M, k is the 
g. 

momentum of the incident electron divided by M,  —  is the ratio of the 
Ko 

statistical weight of the 0 ground state to that of the oxygen atom 

ground state, and a    is the photodetachment cross section.  One easily 

obtains the effective radiative attachment rate constant for any electron 

temperature by averaging the product of attachment cross section and 

electron speed over all electron energies: 

*r = (ff)3\r- / -attEc"E'kTdE w 
V ■ m   o 

where T is the electron temperature, m the electron mass, E the electron 

energy, and k is Boltzmann's constant.  Branscomb and coworkers (1958) 

found that the radiative attachment coefficient for atomic oxygen is a 

slowly varying function of electron temperature, decreasing from 

ß  = 1.34 x lO"'5 cm3 sec at an electron temperature of 250  to 
r 

(3  = 1.25 x 10"'s cm3, sec at a temperature of 1000 K.  Actually use of 
r 

the principle of detailed balancing for computation of a   is not 

fully justified for 0 in view of recent evidence (Schulz ,  1962) that 

lower-lying energy states of the 0 ion may also exist.  Hence the value 

of ß  given here mjst be recognized as provisional only. 
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In their experiment on 02 photodetachment cross sections Burch 

e£ al., (1958) found that the state of the 0, ion after attachment has 

"gerade" symmetry, thus permitting one to express the energy dependence 

(Geltman, 1958) of the cross sections as 

^det(0;) = E(E - Eo)»/2 ;A0 + A, (E - E0) ♦ A2{E - E0)8 ♦ ...] 

(5) 

where E is photon energy, E0 is threshold energy, and the A are constants 
n 

related to the electric dipole transition matrix elements.  In practice 

the An are uncalculable to any acceptable degree of precision and must 

be found empirically.  The first iwo were found to be A0 = 0.370 x 

IG"18 cm2 eV-*- 2, A, . -0.071 x 10">« cm2 eV^7' \     The oj created in 

the experiment apparently underwent very few collisions (of the order 

of one to ten per ion) (Smith and Branscomb, 1960) prior to electron 

detachment.  We shall cite evidence later which seems to indicate that 

the 02 is formed in an excited state and then deactivated only after 

many collisions (» 10).  Assuming that this Interpretation is correct. 

the 0a ions must have remained essentially unchanged during the course 

of the experiment. 

Invoking the principle of detailed balancing, one obtains tin- 

following equation for a        with the aid of (5) 

(e -*■ En)3 e»/"  , 
att "     2^^   lAo + A,, + A2t

2 + • • .J iö (6) 

where , is the kinetic and mc2 the rest energy of the electron. Equa- 

tions (1) and (6J together with the previously stated values of A0 and 

A. yield a value for ^.(0;) of . IO"2» em'/sec at an electron tempera- 

ture ol 250oK. 

Of course, the principle of detailed balancing is not really 

applicable here because neither 0^ nor 02 is necessarily loft in the 

Kround state after electron attachment and detachment; excited vibra- 

tional, rotational, and possibly electronic states can be occupied.  In 
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other words, the process is not reversible and 

|< 0^, hv| Hl | 02> e[-r;  02I e| H
l jo;, hv > | ,        (7) 

where H1 is the electric dipole operator.  However, it is thought 

unlikely that the effect of such allowed excited states would increase 

the value of ji^  by more than two to three orders of magnitude from 

that given above.  In order to be of any importance in determining the 

rates of ionospheric processes we must have ß > lO-17 cm3/sec.  Hence 

it is unlikely (though not certain) that radiative attachment of elec- 

trons to 02 is an important atmospheric reaction under normal conditions; 

this process may be of marginal significance at altitudes of 85 km and 

above.  It can be shown that the radiative attachment coefficient 

increases with increasing temperature.  At an electron temperature of 

1000OK. for example, ^«J > IO"«9 cm», sec, an increase of about a 

factor of ten over the value at a temperature of 250OK.  Hence under 

disturbed conditions ie.g., SID or nuclear blackout) radiative attach- 

ment to 02 may conceivably be of some importance.  Further experimental 

investigation is definitely in order. 

Smith and Burch (1959) have measured the photodetachment cross 

section of H  for various electron energies above threshold.  L'se of 

the principle of detailed balancing (which can be justified as in the 

case of 0 ) yields a radiative attachment coefficient of - lO-16 cm3 sec 

at a temperature of 200OK.  Because of the relatively small concentra- 

tions (n(H) < 109 cm"3) (Handbook of Geophysics .1960) direct attachment 

to this species proceeds at a much smaller rate than direct attachment 

to atomic and molecular oxygen and hence process (If) can be neglected. 

Wc are thus lelt with   processes (la) and (U-) as the dominant direct 

attachment PMCtlOM.  At an »ItltUde of 85 km the rat. of electron attach- 

ment to both atomic- and molecular oxygon is about ~ lO"3 sec"«, assuming 

concentrations of [o2] ^ 3 x 10'3 cm"3 and fo] ~ 5 x 10»« cm"3 (Hand- 

book of Qeophyelc«, 1960).  Below this altitude the rate of the tnree-body 

mode (la) increases rapidly due to increasing concentration of 0,, while 
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the rate of process (le) decreases slowly.  Hence we conclude that radi- 

ative attachment of electrons to atomic oxygen is important only at the 

top of the D-region and that process (la) provides the dominant attach- 

ment mechanism below. 

It should be noted that we have excluded direct attachment to N02. 

Curran (1962) has apparently established this process to be forbidden. 

3.   Electron Detachment 

Some of the electron detachment processes (lg, ih, li, 1m) have 

also been investigated recently but the results have not been sufficient 

for the development of a reliable model of electron detachment in the 

Ionosphere. 

Photodetachment cross sections in the photon energy range 0 to 

3 eV have been measured for o" and O, by Branscomb and coworkers 

(Branscomb, Burch, Smith and Geltman, 1958; Burch, Smith, and Branscomb, 

1958) at the National Bureau of Standards.  The o' cross section was 

found to be a rapidly increasing function of photon energy between 

threshold (EA = 1.465 eV) and . 1.6 eV (a = 5 x 10— cm») after which 

it levels off, reaching 7 x lO-'« cm2 at a photon energy of -^ 3 eV. 

These results are in good agreement with the theory of photodetachment 

from negative atomic ions developed by Klein and Brueckner (1958).  The 

ionospheric specific photodetachment rate is obtained from the equation 

0  = / CTdet(S) dX (») 

where a^ is the photodetachment cross section and I(X) is the solar 

photon number flux at wavelength  incident on the ionosphere.  The 

result for o" is p = 1.4 sec"1 (Smith, Burch, and Branscomb, 1958). 

Because of the possible presence of excited states, the situation 

for photodetachment from (£ is more complicated; one would in general 

expect to find different cross sections for detachment from ground and 

excited states, partly because of the difference in predicted threshold 

energies and partly because of different transition matrix elements 

55 



for the two cases.  Geltman (1958) has computed the energy dependence 

near threshold of the photodetachment cross section of 0," and has 

obtained relation (5).  In their inVesUgation of the problem. Burch 

and coworkers (1958) were able to determine A0 and A, as well as Eo 

by a least squares fit of their experimental data to the theoretical 

form of adet.  The value of the threshold energy (E0 = 0.15 eV) was 

considerably smaller than that obtained by Phelps and Pack t1961) 

(E0 = 0.46 eV) by means of collisional detachment experiments.  This 

evidence seems to indicate that oj is formed in an excited (probably 

vxbrational) state.  The gas pressures and ion residence times in the 

swarm experiments of Phelps and Pack were sufficiently large to permit 

collisxonal de-excitation to occur; they estimated that approximately 

10 collisions of each < with neutral molecules occurred during the 

experiment.  On the other hand, the gas pressures as well as the resi- 

dence times in  the photodetachment experiments (Smith and Branscomb 

I960) were so small that the mean number of collisions of each < ion 

with a neutral particle was only of the order of one to ten. 

In contrast to the results of the cxpenments mentioned above 

chemical experiments (Pritchard. 1953) seem to indicate an electron 

affinity of slightly less than 1 oV.  A spectrophotometric measurement 

by Jortner and Sokolov (1961) and a measurement by Curran (1961) using 

data from an experiment on dissociative attachment to ozone yielded 

somewhat smaller values for the electron affinity. . 0.75 eV and . o 58 oV 

respectively.  It is difficult to reconcile those results wUh those 

of Phelps and Pack (1961).  A possible explanation is the existence of 

a metastablo vibrational state at P ~ n ic „ 
tate at Eo - 0-46  eV. the de-excltation from 

this to the ground state being of a high order of forbiddenness.  In 

order to complete th. s explanaUon one must assume that in the experi- 

ments of Pritchard, .ortner, and Curran oj I, either formed in the 1. 

lying state or undergoes relaxation in such a way as to avoid the 
stable state. 

low- 

ic mcta- 
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It  is expected that most  of the 0^ ions  in the  sunlit D-region 

will  be in the ground state or a low-lying metastable excited state 

because of  the  relatively high gas pressures and long lifetimes  (> 2 

seconds) of  the ions,     if one approximates the  solar radiation spectrum 

in  the near  infrared and visible  regions by a  black-body distribution 

and substitutes it  for g in equation  (8).   one obtains an approximate 

threshold energy dependence of p 

For a  solar surface  temperature of 6000OK one obtains 

-(0-45  eV)  -   Q  z  Ao(0.46  eV) 
0(0.15 eVJ  "■ 0-5 SjfOS evj 11°) 

By substituting the observed solar spectrum. ^Ai , in equation (8) 

Smith et al.. (1958) obtained a value of k(0.15 eV) = 0.44 sec"«. 

Making the reasonable assumption that A0(0.15 eV) > A0(0.46 eV), we 

have . (0.46 eV) v 0.2 sec"•. Further investigation of this problem 

is required before we can obtain a reliable D-region photodetachment 

rate.  We shall provisionally adopt a value of p«) * 0.1 sec"«. 

Smith and Burch (1959) have investigated photodetachment from H". 

Their cross section data together with the solar spectral data used 

for the computation of . (o") and . (0^) (sith. Burch. and Branscomb. 

1958) yield a detachment rate of P = 8 sec"1. 

Photodetachment from NO^. OH', and 0^ has not been investigated 

although some idea of the electron affinities is available.  Curran 

(1962) has shown that the electron affinity of NO^ is greater than 

3.82 eV by causing N02 to undergo charge transfer with Cl  (whose 

EA = 3.82 eV).  The ion OH- apparently has an electron affinity lying 

somewhere between 2 and 3 eV (Field and Franklin. 1957) while that of 

O, is estimated to be of the order of 3 eV (Curran, 1961). 
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It has been proposed that NOj may be the dominant negative ion in 

the D-region.  This suggestion originated with the apparent observation 

by Johnson and coworkers (Johnson, Heppner, Holmes, and Meadows, 1958) 

of negative ions of mass number 46 in the E-region.  The reliability of 

those measurements is uncertain; the NO, may have been a product of 

the rocket exhaust. 

It is known that just after sunset and just prior to sunrise when 

the sun's rays which illuminate the D-region must first pass through 

the ozone layer (Figure IV-1) ,  the electrons in the D-region rapidly 

*-M;4-t] 

FIG. IV-l    SUNRISE-SUNSET EFFECT 

At sunset the near UV solar radiat.on which would otherwise illuminate that part 

of the D-reg,on lying to the left of line AB ia absorbed by the oione layer when 

the sun drops below the horizon with respect fa an observer at C.   Coincident 

with the absorption of this radiation it the rap.d decrease in electron density 

(probably due to electron attachment) in the region to the left of line AB.   The 

opposite effect (rapid detachment of electrons when the sun's rays pass above 
the ozone layer) occurs at sunrise. 

attach to form ..egative ions (see, for example. Reid, 1961;.  Tins 

is called the "sunrise-sunset effect."  One infers from this that the 

solar radiation responsible for photodetachment must be strongly absorbed 

by ozone and must therefore lie in the near UV spectral region.  If one 

computes the spectral detachment rate for o" and H" by means of the 
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equation 

d.\ det     dX (U) 

where  the  symbols  have  the  same  significance as  in equation   (8),   one 

obtains  the curves  shown  in  Figur.    IV-2 .       The  near  UV obviously  is of 

little  importance  in  photodetachment   from o"  and H".     We  conclude  from 

this  that  0    and H' are  not   the dominant  negative  ions  present   in  the 

D-region.     If  one  then computes ^ for oj  using  the  cross  sections 

reported by  the NBS groups   (Burch,  et al_.,   1958)  one also finds that 

thls_specles is apparently in disagreement with the  requirements of 

the  "sunrise-sunset  effect."     If,   however,   the  0^ just   prior  to 
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detachment is in a lower-lying state, e.g., EA = 0.46 eV, than that 

reported by the NBS groups, the photodetachment cross section could 

conceivably be very small in the spectral region above .\ = 3500 A 

( - 3.5 eV] and sufficiently large between 2500 to 3500 A that radiation 

in this spectral range is almost entirely responsible for the photo- 

detachment.  This hypothesis is not in disagreement «itb Geltman's 

theory of photodetachment from oj. 

If the electron affinity of NO^ i s . -1 eV or perhaps even a little 

larger, photodetaching radiation is restricted to the near LV for this 

ion and it can meet the requirements of the "sunrise-sunset effect." 

Similarly, if the electron affinities of OH- and 0^ are -^ 3 eV as some 

measurements seem to indicate, these ions too can satisfy the "sunrise- 

sunset effect" requirements. Which, if any, of these negative ions is 

the dominant one in the D-reglon can be ascertained only by in situ 

experiments. 

In the foregoing we have considered only solar radiation in the 

photodetachment process.  The initial burst of radiation from a nuclear 

explosion is so intense that the negative ion concentration will be 

negligible at all altitudes for several seconds after detonation due to 

photodetachment.  Subsequent to that time the only nuclear radiations 

which can detach electrons are -■ and , rays.  For reasonable beta 

particle, photon intensities (Poppoff, et al. , 1961) (■>. 10« to 10« cm2, sec 

at 1 mev energy) the detachment cross sections (essentia'l ly the teller 

and^Compton scattering cross sections which are approximately equal to 

10-" and 10-'" cm\   respectively; are much too small to yield more than 

an insignificant detachment rate.  Hence we conclude that detachment 

of electrons from negative Ions by delayed radiation from a nuclear 

burst is unimportant compared to solar photodetachment and detachment 

by collisions. 

Collisional-type detachment from o', and o" was recently considered 

by Whitlen and Poppoff (1962) who concluded on the basis of a study of 

polar cap absorption made by Bailey (1959), that associative detachment, 
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processes   (In),   (loj,   and   (Ip),   is  the  dominant  mechanism.     Bailey's 

analysis of  PCA events  required a nighttime detachment  rate of 

- IG"2   sec"1.     Phelps and  Pack   (1961)   found  that   the  rate constant   for 

process   (li)  was about   4  x  lO-20 cm3, sec  at  D-region  temperatures and 

that  molecular nitrogen  is  ineffective as  a detaching agent.     If we 

multiply   the  rate constant  by  the molecular oxygen concentration at  an 

altitude of  -  70 km   (. 4  x  lO14  cm"3),   we  obtain a  detachment   rate of 

only ~ lO"5  sec"».     Weber   (1962)  has  suggested   that   process   (1m)  may 

be dominant   by  virtue  of   the   fact   that   it   is   a   rapidly   increasing 

function of  temperature.     However,   for  reasonable values of   the  tem- 

perature at   this  altitude   (250-300oK)   it   is   too small   to agree with   the 

empirical  value of   the  rate constant  suggested by Bailey.     Of course,   Nol 
- - i 

OH   ,   or 0S  may be   the dominant  negative   ions   in which case  processes 

(Ir),   (is)  or   (It)   rather   than   (1m),   (lo) or   (Ip)  are   important. 

The   rate constants  for processes   (In),   (lo),  and   (Ip)  have been 

estimated by various  workers  to  lie  between  lO-10  and  10",s cm1  sec-1 

(Ultra,   1952;   Dalgarno,   1961).     Dalgarno's   limiting estimate of 

10"      cm3  sec-1  was  presumably made  under  the assumption  that   almost 

every 03   - 0 and o"  - 0 collision  results  in a detaching   reaction.     This 

is,   however,   probably  too optimistic. 

The  concentrations of   atomic  oxygen  present  in  the daytime D-region 

have been computed  by  various workers   (Barth,   1961;   Handbook of Geo- 

physics,   1960)  and  seem  to be of  the  order of   10"   to  lO12  cm-3 between 

60 and 90 km.     At  night   the  atomic  oxygen  promptly  combines with 02   to 

form ozone   by  means  of   a   three-body  collision   process  at   altitudes  below 

70  km.     According  to Barth   (1961)   the  atomic  oxygen  concentration 

decreases  by  about   a   factor  of   10  at   an  altitude  of   70  km  at   night.      It 

remains  essentially  constant   in  time   at   altitudes  of   80  km  and  above. 

If  cur effective associative detachment  coefficient  is -   lO"13 em3  sec-1 

and   .0.        10»>   cm"3  at   70  km  at   night,   we   see   that   the   nighttime  detach- 

ment   rate  is  -    lO"2   sec"1   as   required  by  Bailey's  analysis. 

In   addition   to  processes   (ln),(lo),   and   (Ipj,   associative  detachment 

from H" and  OH" can  also  occur   (processes   (Iq)   and(lr     .     Assuming  an   atomic 

hydrogen concentration at  70 km altitude of    lO" cm-3   (Handbook of Oeophysic«, 

1960 1,   one   must   assign   a   rato  constant   to   the   processes  of     lO"11   cm3   sec"1 
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in order to obtain agreement with Bailey's analysis.  Such values are not 

unreasonable.  To our knowledge- the ion OH" has not heretofore been proposed 

as the dominant negative ion in the D-region but the considerations above 

seem to indicate that it cannot be excluded. 

Nighttime detachment from Noj can occur via process {is}   if the 

electron affinity of this ion is less than . 4.5  eV, otherwise, only 

the particles in the MaxwelUan "taU" of the velocity distribution 

have sufficient energy to cause electron detachment.  Nighttime detach- 

ment from 0^ can occur via process (It).  The values of the associated 

rate constants are unknown but k^ x ICT" cm' sec- is not unreasonable. 

1 ■   Charge Transfer and Ion-Atom Inlnchang»- 

In addition to the processes of direct formation and destruction of 

negative ions tla to Iw) there is the possibiUty of charge transfer 

and ion-atom interchange (Ix to Idd).  All of these processes are energeti- 

cally possible but their rates are completely unknown with the exception 

of (ly).  Curran (1962) has estimated the value of the corresponding 

rate constant for (ly) to be of the order lü— to 10-. cmJ „^  uslng 

the results of his mass spectrometer experiments.  It is reasonable to 

assume that the coefficients corresponding to the other processes (except 

lec and Idd) are of the same order of magnitude as the rate constants 

of positive ion charge transfer reactions, i.e.. . 10"«' to lO— cm3 sec-1 

Processes (lec and ^d) involve the breaking and, or forming of chemical 

bonds and may thus have considerable activation energies.  If so. they 

are expected to he slower than .he charge transfer reactions.  ActuaUy 

process (lec) is energetically forbidden unless No! has an electron 

affinity greater than  5.7 eV.  However. It has been previously shown 

that nighttime detachment wUl not occur unless the electron affinity 

l- less than . 4.5 eV.  We therefore rule out reaction (lec). 

.Similar processes (lM and m) can pro(luce 0-. ^ ^ ^^ 

Since molecular oxygen is much more effective than molecular nitrogen 

in three-body attachment (la), it is probabie that we can limit our 

consideration of third bodies to 0,. 
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5.   Negative Ion Kinetics 

In the foregoing we concluded, for various reasons, that many of 

the negative ion processes can probably be neglected.  In addition, it 

can be shown that the ion-ion recombination processes above 80 km are 

probably much slower than the others listed.  Those remaining are (la), 

(!•),  (ig), (ih),  (ij), (ik),  (m) to (ip),  (ir) to (it),  (u),  (iy), 
(laa),   (ibb),   and   (Idd)   to   (iff);   the kinetic  equations  for these 

processes  can  be written: 

Sgti = Kl02'[el   - p(0;)[o;j   -  y       lO^fO]  - k   [o^Hoj  - k     [o;j[OH] 
"I" x aa 

- kdd[0;][N][N2J 

- kff[0;][0j(02]  (12) 

-^- = ß[o][eJ + kx[o;j[o] - P(0")i0"j - rplo"J[oj - k .(T^NO, 

" S)b.0"..0H 

" kec.
0"^02;»    (13) 

-JT^ = kylo J[NO2J ♦ kdd!o2jiNj[N2; - P(NO;)!NO;J - HNO^HN]    (14) 

d[0H"j      .     p -,,     . 
—dl—  = ^[^JtOHj   ♦  kbb[0   J[0H]   -  P(0H"):0H"]   -   >r(0H"j[H] (15) 

■ir1 = k
eeio"Jio2j

2 + kff[o;j[o];o2j - 0(o;)[o;] - >t[o;i:o]    (w) 

where K is the rate constant for three-body electron attachment to 02, 

ß is the coefficient of radxative attachment to 0, f is the photo- 

detachment rate for the species indicated, e.g., o(0J, y     are the 

collision»! type detachment rates, and k  the rate constants for the 

charge transfer processes; e.g., k  is the rate constant for process 

(l.v), etc.  Square brackets represent the concentrations of the various 

species. 
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The  following values of  some  of  the rate paramet ers are  assumed 

K   = 1.5 x lO-30 cm3/sec   (Chanin,   et  al.,   1959] 

f. (02)   = 0.1  sec-1   (this  paper) 

p(0  )   = 1,4  sec"1   (Branscomb,   et  al,,   1958) 

p(NO;)   = lO"6   sec"1     (assumed) 

ß =  1.34 x   10-»s  cm3  sec"'     (Branscomb.   et  al 

kv = 3 x  lO-10 cm3 sec"1     (Curran,   1962) 

dd - kee   " V   = 10"28  cm6  sec'1     (assumed) 

, 195«) 

In addition we assume daytime concentrations of »„ o2. Q, N02, 

OH, H and electrons at 75 km altitude as follows; 

[1*2 ] = 8 x 10'* cm"3  (Minzner, 1959) 

[02J = 2 x 1014 cm"3  (Minzner, 1959) 

[0]  = 2 x 10«« cm"3  (Barth, 1961) 

;N02i= 10
2 cm-3  (Barth, 1961) 

'OH] = ioB cm"3  (Handbook of Geophysics, i960) 

1H]  = 109 cm"3  (Handbook of Geophysics, i960) 

[ej  =500 cm-3 (day) (Galejs, 1962) 

100 cm-3 (night) (Galejs, 1962) 

The equilibrium concentrations of the various negative ionB for 

possible values of ^ , „(„-). .«^ and [N] are pregented ^ f ^ 

Although the set of values used is by no means exhaustive, it does give 

some idea of the range of negative ion concentrations which may be 

expected under daytime and nightUme conditions.  It is apparent from 

the right-hand columns that OH"  wn"   ^ #." 
umns that OH , N02, and O3 may be of great importance 

in the D-region. 
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The var JUS rate constants suggested for OH", 0^, and NO^ are 

entirely reasonable.  For example, the photodetachment rate for 0H_ 

could well be «r« sec- xf the electron affinity is as large as 3 eV. 

It is quite possible that all four species O^, OfT, 0^, and NO,- are 

important in the D-region, the relative importance of each varying 

with altitude and condition of daytime or nighttime.  We re-emphasize 

that the foregoing are only plausibility arguments. 

6.  Cone I us ions 

The   following COnelu.lOM  are  drawn   from  the  preceding  arguments. 

a. One cannot   identify  the  species  o"  and H- with   the  dominant 
negative  ions  In  the  lower  D-region.   since  they   both conflict 
with  the     sunrise-sunset  effect."    O- may  be  important   in 
the  upper  D-region. 

b. 0,,   OH   ,   0,.   or NO; may  be   the  dominant   species  of  negative 
on without   contradicting existing know-edge of   the D-region 

In  fact   they may  all   be  important. 

c>       Radiative  attachment   to 02   and   three-body  attachment   to 0 
are  probably  not   important   processes.     Further  investigation 
is  required before  this  statement  can be  definitely established, 
however. 

d. Associative detachment is probably the dominant nighttime 
mode of electron detachment from the species 0^ and OH-. 
Detachment from N02 and 0^ can occur via dissociative 
processes (Is and It). 

e. Previously proposed values of the photodetachment rate for 
02 are not reliable. 

f. Diffusion to dust Is an unimportant mode of negative ion 
removal   (see Section VIII) 

Ci 

At the risk of seeming trite we reiterate the need for further 

measurements, both laboratory and in sUu, if a reliable model of 

negative ion species and distribution is to be constructed. 



B-       Cha^  Transf..- and   ron-Atom   Interchange   (PosiUv..   foggj 

In  this  section we  shall   investigate  the  importance  of  charge  transfer 

and xon-ato* interchange  processes with  respect   to  the  ionxc  and electronic 

structures of  the  D- and E-regtons.     Specmcally we  shall   show that   these 

processes control   the concentrations of  the varxous  ion  species by 

"shuffling"  them more  rapidly  than   they can  be  created.     The  nature of 

the  ionxc   species  in  turn has an  xmportant  bearxng on the  rate  of electron 

recombination and  hence  the electron densxty  profxle.     There  are many 

such processes whxch are  possible  in  the altxtude  xnterval   80 to  150 km 

(Bortner.   1961a;   Bortner  and Baulknxght,   1961b;   Nawrocki.   1961a)   but 

-st  can  be eliminated  for varxous   reasons,   e.g..   a  participating neutral 

species  is  present  only  in  trace concentrations,   reactions are highly 

endothermic.   activation energies are  too large  for  the process  to be" 

important   at  ordinary  temperatures,   etc.     The  following  reactions 

considered  potentially  important   in  the shuffling process 
tons are 

0 + 02 • 0 + o: 

N* ♦ 0 • N2 + 0+ 

N* ♦ 02 • N2 + 02
+ 

Nj + NO . N2 + N0+ 

0* + NO  . o2 + N0+ 

0+ + NO  . 0 i N0+ 

0+ + N2 N0+ + N 

0+ + NO  . o: + N 

Oj + N N0 + ♦ 0 

Nj + 02 -. NO + N0+ 

02 + N2  . NO + N0+ 

N2 + 0 N + N0+ 

(1) 

(2) 

(3) 

(<) 

(5) 

(6) 

(7J 

(8) 

O) 

(10) 

(n) 

(12) 
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However,   two of  the processes   [(10)  and   {11J]  involve   the breaking 

,of  two double bonds  and  hence are expected  to have  large  activation 

energies.     Bortner  (Ifii.J  has  assigned rate constants of  7  x  10->» and 

3  x   10-«7  MIVWC.   respectively,   but   these  are  admittedly  crude  estimates 

onlj   and  are   probably  upper  bounds  on  the  actual   values.      In  any  event 

these estimates  arc  sufficiently small   that   processes  ,10}   and   (H)  can 

bo  neglected   m  any  consiia ration of   the   ionosphere  above  M  km.     Fite 

and  coworkers   (Fit.-,   Rutherford.   Snow  and  van  Lint,   1M8J   have   found 

that   the   former   is  much  slower   than   the  rhar^e   transfer  process   (5). 

N-v.rtheless   reaction   (UJ   must   bo  considered   in   ion  shulfUng  UmtiCM 

at   altitudes  below  90  km.     D.   R.   Bates   private  communicationJ   has 

concluded  that   process   (MJ   Is   oppressed  by  virtue  of   the   fact   that 

an  electronic   trans.tiun   is   invulv.-d.     U   have   therefore   assumed   it   to 

be of  negligible  importance  in our model. 

The   largest   possible value  of   the   rate  constants  for  any  of   the 

processes   (1)   to   (9j   occurs   if  a   reaction   takes  place  during  every 

collisu.n;   this  value   is  of   th.    order of   lO"«  cm', sec   if  we  equate   the 

reaction  cross  section   to   the  classical   colli.lon  cross  section   gyring. 

Hlrshfelder,   and  Taylor,   1936).     For   reasonable  estates  of   the concen- 

tration  of  nitric  oxide   in   the  upper atmosphere   (see,   for  example. 

Handbook  of  Geophysics.   I960)   the   reaction  rates  of   processes   (4).    ,5). 

(6),   and     8)   are   too   small    tor   thcHc   processes   to   be   important   In 

dete«lninR the .quilibrluo concentrations of the prlnclp.1   ion species. 

Process   ,9;   is  believed  unimportant   for  a   s.milar   reason   ,small   [»]). 

The   remaining  processes  are   (1),   (2),   [3).   (7;   and  below 90  km.   (11), 

->"'  the equllibrlui« equations   for the vnrlou-  ion  species can  be 

approximated  by 

qa  = ul')   '^ll^i   •   k2[K, + j[0J   +  kjlN/jlO; (13) 

\      "ll   V   ■•■-   -  k3fN/jf0aJ   - kJO^iO^J   +  k.^o/^N,,   (14J 

%    -  M0+J[N9J   ♦  k1io
+
J;ü2     -  kjNj'jfOj 

o   = aj [Ho+Aa - k7[o
+j[Na] - k.Jo/jiNj 

(15) 

(16) 
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where Qg b c represent the production rates of N"^, 0^, and 0+, respec- 

tively, the k's are the rate constants corresponding to certain of 

the processes (as indicated by the subscripts) (l) to (9), the square 

brackets represent the concentrations of the indicated ions and neutral 
a ,b, d 

species, and QD    represent the dissociative recombination coefficients 

of N2, 02, and NO , respectively.  Wc shall show in section IV-D that i 

Ion recombination can probably be Mglectad in the daytime at altitudes 

abovo 80 km.  Obviously AO must require that 

on- 

[ej   =  (N^J   ♦   [0+]   +   10+j   ♦   [NO+] (17) 

and 

q   (electron)   =q     +q+q     =q   (ion) /ls\ 
a o c v     ' 

if  electric  charge  is  to be conserved. 

In addition  to the effects  of   recombination,   two other electron- 

ion  removal   processes,   diffusion and  ionospheric  currents,   should  in 

principle be included in the equilibrium equations.     The effects of 

vertical  diffusion were computed by   finding  the  approximate  value of  the 

term ^-(NMV)  where N+   is  the  positive  ion density,   h  refers  to altitude 

and W  is  the diffusion velocity given by 

In  equation   (19,   D  is   the  diffusion  coefficient,   N  is   the  neutral   species 

concentration and H  is  scale height.     According  to Nawrocki   and  Papa 

(1961b)   the  diffusion coefficient  of  N0+  m air   (at   temperatures  > 300OK) 

is given approximately  by 

9 x   ]0,e  T* 
D =     N  (20) 

where T is the temperature in V  Using reasonable value.- of T and N 

(Mininer, et al., 1959), it was found that the diffusion term was only 

about four percent of the magnitude of the recombination term at an 

altitude of 150 km.  Hence the former In entirely neglected in this 

treatment since it rapidly decreases as one descends to lower altitudes. 
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The effects of the ionospheric current system on electron-ion 

removal have only recently been discovered (L. H. Brace, private communi- 

cation).  At the present time we do not have sufficient information for 

a quantitative study of its effects on the ion concentrations present 

in the E-region.  Since the rate constants reported here are order of 

magnitude only, it is „ot Ukely that they would be greatly changed by 

inclusion of the current term.  This point will be investigated in a 

future report when more data are available. 

If the values of the various rate constants as well as the q's 

are known, the ion concentrations can be readily computed.  Conversely 

the rate constants k can be found if the ion concentrations, ion producUon 

rates, and dissociative recombination coefficients are known.  Actually 

sufficient knowledge of the upper atmosphere for the d.termination 

of precise values of any ol these quantities does not exist.  Never- 

theless one can obtaxn order of magnitude estimates of the rate constants 

from mass spectrometric measurements of the relative concentrations of 

various ionic species between 100 and 200 km a:titude together with 

estimates of the dissociative recombination coefficients aa'b'd based 

results obtained xn the next section and the production raL of the 

various ionic species, ^^  The mass spectrometric measurcments of 

the relative concentrations of the various species of posittve ions at 

vanous altitudes (Johnson, Meadows, and Holmes. 195H; Meadows and Townsend 

1960; Taylor and Brinton, 1961; Istomin and Pokhunkov, 1962) are listed 

in  Table rv-2.  The values of the dissociative recombination coefficients 

Presented in Table IV-3 are based on considerations discussed ^ ^ ^ 

sectton.  The concentrations of N2. 02. and 0 at various altitudes accord- 

ing to a model developed at the National Bureau of Standards (Norton, van 

Zandt and Denlson. 1962) are presented in Table IV-..  Production rates 

of N2, 02, and 0
+ (Norton, van Zandt. and Donison. 1962) based on recently 

obtained solar ultraviolet spectra (Watanabe and Hinteregger, 1962) are 

listed in Table IV-5. 



Table IV-2 

RELATIVE CONCENTRATIONS OF POSITIVE ION SPECIES 

'Johnson, Meadows, and Holmes, 1958; Meadows and Townsend, 1960 
2Taylor and Brinton, 1961 

3Istomin and Pokhunkov, 1962:  h indicates altitude of sun above 
horizon, e and m denote eveninK and morning, respectively. 

Rocket 

Flight 
Altitude 

(km) 

Fraction of Total Positive Ion: ; which are: 

N: ot N0+ 0+ 

NN 3.17 F1 

2321 CST 

20 Nov. 56 

150 

120 

100 

<0.03 

<.0.03 

■ 0.03 

0.4 

0.2 

- 0 

0.5 

0.8 

1.0 

0.1 

.0.03 

- 0 

NN 3.18 F1 

2002 CST 
21 Feb. 58 

150 

120 

100 

0.03 

0.03 

0.03 

0.1 

0.1 

0.1 

0.8 

0.9 

0.9 

0.1 

0.03 

- 0 

NN 3.19 F1 

1207 CST 

23 Mar. 58 

150 

120 

100 

0.03 

• 0.03 

0.03 

0.3 

0.3 

0.4 

0.6 

0.7 

0.6 

0.1 

-0.03 

- 0 

NASA 4.092 

1047 EST 

20 Apr. 60 

150 

120 

100 

-0.01 

-0.01 

--0.01 

0.3 

0,1 

0.1 

0.6 

0.9 

0.9 

0,1 

0,05 

0 

NASA 4.14' 
1141 EST 
15 Nov. 60 

150 

120 

100 

-0.01 

■O.01 
-0.01 

0.4 

0,2 

- 0 

0.4 

0.8 

1.0 

0,2 

0,05 

0 

USSR3 

h = -6% 
150 

120 
— 0,1 — 

9 Sept. 57 100 — —   ._ 

USSR3 

h - 36 m 
2 Aug. 58 

150 

120 

100 

— 0,2 

0,3 

0,2 

0.6 

0.7 

0.8 

0,2 

0 

0 

USSR3 

h = 0 m 
13 Aug. 58 

150 

120 

100 
— 

0,4 

0,2 
0.6 

0.8 
0,05 

- 0 

USSR3 

h = 0Om 
22 July 59 

150 

120 

100 

— 0.3 

0.1 
0.7 ' 

0.9 
0,05 

0 

USSR3 

h = 15üm 

IS June 60 

150 

120 

100 — 

0.4 

0.3 

0.1 

0.5 

0.7 

0.9 

0.1 

0 

- 0 
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Table IV-3 

DISSOCIATIVE RECOMBINATION COEFFICIENTS 
(cm3 sec-1) 

Altitude 

(km) %i<> VcC) QD(NO ) 

150 2  x lO-7 9 x lO-8 7 x lO-9 

120 4 x 10"7 2 x 10"7 2 x lO-8 

100 9 x lO"7 5 x lO-7 8 x lO-8 

80 9 x lO-7 5 x 10"7 8 x lO-8 

Table rv-4 

CONCENTRATIONS OF  NEUTRAL  SPECIES5 

(cm"3) 

Altitude 
(km) [N2] [o,] 10] 

200 1.5 x 109 6 x 107 r> x 10» 

150 2 x 10'0 1 x 10» 3 x 1010 

120 1 x 10»» 3 x 1010 
2.5 x I0n 

100 7 x lO12 6 x 10" 3 x 10'2 

80 5 x ID14 
1 x id14 

1 x lO12 

Norton, v.in Z;indt, and Dcnlson, 1962 
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Table IV-5 

ION PRODUCTION RATES2 

(cm-3 sec-1) 

Altitude 
(km) N't o: 0 

200 450 - 0 800 

150 2000 160 1700 

120 1200 600 800 

100 400 1100 160 

80b 50 

—  

50 - 0 

Norton, van Zandt, and Dcnison, 1962 

Estimated ionization rates under 
disturbed solar conditions. 

In order to arrive at estimates of the rate constants k,, k... k , 

and k7 it was first necessary to compute the electron concentration at 

the altitudes considered.  This was done by Betting the sum of the right- 

hand members of equations (13) to (16) equal to the total Ion production 

rate, expressing the various ion concentrations in terms of the electron 

concentration ^from Table IV-2J and solving for [ej.  The rocket data 

employed in the computations were taken from flights NN 3.19 (solar 

zenith angle:  , = 32°), NASA 4.09 (X = 28°). and the Soviet flight of 

2 August 1958 (x = 54°).  Although the solar zenith angle in these flights 

was not equal to the , = 34° for which the ion production rates were com- 

puted, this discrepancy introduces very little error, particularly in 

the case of the American observations.  The solar zenith angles of the 

other observations were so large that one could not justify their use. 

Values of the rate constants at an altitude of 150 km were computed 

by substituting the values of the estimated ion and electron concentra- 

tions and the ion product.on rates from Table IV-5 together with the 
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appropriate dissociative recombination coefficients (Table IV-3) and 

neutral species concentrations (Table IV-4.) into equations (13) to (16) 

The values which best fit the data were found to be 

k, - 2 x lO- ii ™3 cm'' sec" 

k2 2 x lO"11 cm3 sec"1 

kj 2 x lO"10 cm3 sec"1 

kr       6  x   ID"13 cm3  sec-1 

Of   these,   k,,   k,.   and  k7  have  recently  been measured  in  the  laboratory 

by  various workers.     The    results  are 

k,     Dxckmson  and  Sayers   (i960) 2.5  x   lO""   cm3  sec 

Sayers   (1962) j   6 x   U)-I1 

Langstroth and Hasted   (1962)       1.8  x   10"12 

FUe, Rutherford, Snow, and 
van Lint (1962) {1 to 15) x lü-Il 

ks Fite, Rutherford, Snow, and 
van Lint (1962) 2 x lO"10 

kj Talrose, Markln, and Larin 
(1962) 6.7 x 1()-.2 

Sayers (1962) 2 5 x l0.l, 

Langstroth and Hasted (1962)   1.7 x lO-12 

It I- evident th.. our estimates of k, and k3 arc in quite good 

agreement with the laboratory measurements.  In fact the aRrccmont ls 

Perhaps misleading, since our estimates are order of magnttude values 

only.  On the other hand, our esttmate of k7 Is i„ very poor agreement 

wxth the laboratory measurements.  Since the csUmated uncertainty 1„ 

our computations Is only about half an order „f magnitude, the obvious 

conclusions are (if the laboratory measurements are correct) that we are 

using too smau a value for the dissociative recombination coefficient 
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of N0+ or that another charge transfer process for conversion of N0+ into 

a different ion is effective.  However, it is believed highly improbable 

«Mtfl^C» ) is in error by more than half an order of magnitude.  Nor 

can we find an exothermic charge transfer process which will remove the 

NO^; all such exothermic processes involving N0+ ar« ones which produce 

NO .  Hence, the discrepancy remains unresolved. 

The concentrations of N2
+, 02. 0+. a„d .V0+ at various altitudes have 

been computed using our estimated rate constants and the means of the 

laboratory-determined values listed above.  They are shown u. Figures IV-3 

too 

10 to» io' 

ION    CONCENTRATION—cm-3 

'0- 10' 

FIG. IV-3    ION CONCENTRATIONS ABOVE 80 U.   THESE CONCENTRATIONS WEPE 

COMPUTED USING THE VALUES OF THE RATE CONSTANTS k    k     k 
AND k. OBTAINED FROM THE MASS SPECTROMETRIC OBSERVATIONS 
THE BROKEN LINE REPRESENTS THE OBSERVED CONCENTRATION OF NO4 

and   IV-4,respectively.     The  broken   line   in  Figure   IV-3,   which  was  ob- 

tained   from   the  observed   relative  concentration  of   NO*,   illustrates   the 

discrepancy  between   the  computed   ion   concentrations   using  our  set   of   rate 

constants  and   the  observed   relative   ion  concentrations  at   altitudes 
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200 

0 IG'? IO-' I 10 10' IO1 

ION CONCENTRATION—cm-' 
10 ' ID3 10" 

FIG. IV-4    ION CONCENTRATIONS ABOVE 80 km.   THESE CONCENTRATIONS WERE 
COMPUTED USING THE MEANS OF RECENT LABORATORY MEASUREMENTS 
OFk,, k,, ANDk..   OUR VALUE OF k , WAS USED IN THE COMPUTATIONS 

below   150   km.     Compar.son  of   the  No'  curve   u,  Figure   IVH   wth   , he  observed 

relative NO+ concentration» reveals  the di..Rree«ent between observation 

and our model  »hen   .he   rate constant   k7  and   Savers   (1962)   is  used   In   the 

computat ions. 

2-     .iw     is   qui te  miim- 

g.,   ionlzatlon of  NO by  I.yman a. 

It   is  evident   from Figures   IV-3 and   IV-1   that   the dominant   ton   In 

the D-region under disturbed conditions must  be o*.     so' 

portani   unless   it   is  produced  directly,   e 

This   model   cannot   be  extended   to   the   lower   D-reglon   (     75   km)   because  of 

the possible  importance of such exotic  ions as N*.   N*.  and oj.    Kasner, 

et  al.    (1961)   have  observed   such   ions  at   gas   pressures  of  about   0.1  mm  of 

Hg.   obtaining  a  value  of ^(N^)  -= 2  x   IO"«  cm' sec- at this   pressure. 

However,    -he  pressure  at   which   such   ions   gain   significance   as   well   as   the 

effects   at   higher   pressures   (e.g.,    formation   of   <,   etc.)   are   not   known. 
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C.     Dissociative Recorabinatit 

Numerous laboratory   measurements   (see TableIV-6)  of   the  dissocia- 

tive  recombination coefficients of B* a„d 0^ have been made  during  the 

last  decade with  somewhat   conflicting  results.     I,, addition,   three 

measurements of   the  recombination coefficient   of N0+ have been carried 

out   recently;  one of  these was a  shock  tube measurement   (.t   a  tempera- 

ture of  5000OK),   and  the  others were  low temperature,   i.e.,   room 

temperature,   plasma experiments.     Since most   of  these  laboratory values 

were discussed earlier by Bortner and Baulkmght   (1961),   the  purpose 

of  this  report  is  to include  some new results   (Kasner.   et  al.,   1961; 

Gunton and  Inn.   1961;   Doerxng and Mahan,   1962)   together with   the  results 

of various   iono.phrk   measurements   (McElhinny,   1959;  Bowhill.   1961;  Whltten 

and  Poppoff.   1961)  and to develop from  them a model  of  the daytime effec 

tive recombination coefficients  I. the altitude  interval  80  to 150 km. 

The  recent  measurement  of ^(N*)  and O^O+J  by Biondi's group 

involved  the  use of  a mass  spectrometer.     They   found  that  at   low gas 

pressures,   i.e..  * 0.01  mm Hg  of N2  and 02.   the dominant  positive ions 

were »* and 0*.   but  at  higher  pressures,   i.e..   ^0.1  mm Hg  of  N2  and 

02.   the dominant   positive  ions were <   **,   and 0+3.     This was  in good 

agreement  with  the earlier  results of  mobility  experiments conducted by 

Saporaschenko  (1958)  and Kovar and coworkers   (1957).     The   latter  investi- 

gators also found  a  strong  temperature dependence  for  the  formation of 

N4:     its  formation  is greatly  inhibited  by high  temperatures.     This  is 

readily understandable  in view of  the  low binding energy of <,   about 
0.14  eV. 

Measurements of  the  decrease in  the E-region critical   frequency 

during  soUr eclipses have been used by Mcßlhinny   (1959)  to obtain 

effective  daytime   recombination  coefficierts  at   E-region  altitudes 

Bowhill   U961)   has,   by  use  of   a   two-ion   model   and  McElhinny's  effective 

coefficients,   derived  component   recombination  coefficients.     The  values 

were  C^ =   10-   cm'   sec-   and  a^.  5  x   10-,   a^  =  1   x   10-  c«   sec-, 
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Table IV-6 

LABORATORY MEASUREMENTS OF DISSOCIATIVE 
RECOMBINATION COEFFICIENTS a 

Investigators 

Kasner, Rogers, and Biondi, 1961 

Holt, 1959 

Faire and Champion, 1959 

Biondi and Brown, 1949 

Faire, Fundingsland, Aden, and 
Champion, 1958 

Bialecki and Dougal, 1958 

Savers, 1956 

Lin, 1960 

Cunton and Inn, 1961 

Doering and Mahan, 1962 

{cm3 sec-1 

(5.9+1)  x  ID"7 

2  x   lO-8 

4.0  x   10"7 

1.4  x   10-B 

1.4  x   10"s 

6.7  x   10  6 

d8.7  x   lO"7 

'l.l  x   lO-7 

for pressures S 0.01  m »g;   temp  . 300OK 

'for pressures ^ 0.1  mm Hg;   temp ^ 300OK 

c o 
at  92 K 

d o 
at   300 K 

eat   3200OK 

at   2500 K 

"at   500 K 

for pressures  > d   mm Hg.   temp  ^ ^^ 

(cm3  sec-1) 

(3.8±1)  x  10 

3 x  lO"7 

-7 

4  x  10~8 

Q
D(N0+) 

(cm3  sec-1) 

MO" 

1.3  x   10-8 

(3^7)   x   lO"7 
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presumably    representing recombination of 0+
2  and N0+,   respectively; 

the   two values of Q^ correspond   to different  assumptions as  to  the 

altitude of emission of  ionizing  radiation from the  solar corona.     In 

his(1961)  paper Bowhill  also computed  values of  Q^ and a*  using measure- 

ments  of  the  diurnal  variation of  the E-region critical   frequency  together 

with  his  two-ion model.     The component  recombination coefficients were 

found  to be ^ .  10-'  cm'  sec->  and c£ =  6 x  10"»  cm3  sec-'.     This value 

of Q^  tends  to  support   the  first  one  listed above  for eclipse observations. 

The computation  of  an effective dissociative  recombination coefficient 

for  the D-region during  sudden Ionospheric  disturbances was presented  in 
III-A: 

% =  2
H 

x  10" cm3 sec-1.  It was shown in the preceding 

section that we do not know whether the dominant ion in the disturbed D- 

region is 02 or N0
+.  Hence we do not know what ratio of [Og], [HO*]   is 

represented by our value oi the recombination coefficient. 

Dissociative recombination coefficients are temperature-dependent, 

decreasing with increasing temperatures.  Several years ago Bates (1950) 

derived the well-known form for general temperature dependence. Q oc T'*. 

Recently ■ more general form was derived under the assumption of thermal 

equilibrium (Bates and Dalgarno. 1962) which indicates that the tempera- 

ture dependence of ,D is mJch more complicated.  As they point out. the 

transition may occur with or without emission of radiation, the Utter 

case being the more common.  Their form of the dissociative recombination 

coefficient is 

r^-c. T »/»jÄ  A0 (T) 
AB 

(D 

where ,0^  and ^   are   the   statistical   weights  of   the   relevant   electronic 

states  of   the  neutral   molecule  and   the  molecular  ion.   and  C,   is  a  constant: 

C,   = 2(2-mkj3/3 (2) 

In win ch h.  k, and  m  are   Planck's  and Boltzmann's  constants   and   the  mass 

Of   the  electron,   respectively.     Ao(T)   is  a   temperature-dependent   function 
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related  to the oscillator  strength  of  the  transition,   f0(O.   and  to  the 

lifetimes of the  radiation emissi 

by  the equation 
on  and  radiationless  modes   (r     and T   1 

P BJ 

MT) = -iflill 
ra  +  Tp go(T) 

where 

80 (T)  = /  f0(O  e 
o 

C 
kT 

de 

(3) 

(4) 

The  subscript   Zero affixed  to the oscillator  strength   indicates  that   we 

are considering  the  system  to  be  in  the ground  vibrational   state.     If 

the   temperature  is high,   excited vibrational   states  v must   be  considered; 

the  function g0  must   then be   replaced  by an average 

« (T) -    Eg   (T) e (5) 

For E-reglon  temperatures,   excited vibrational   states cannot   always be 
neglected. 

According  to Bates and  Dalgarno.   the case  in which T     g0(TJ <;< T 

is  the  more conmon.     Then A0   takes  the   form P a 

00 

Ao(T)-f    /     f0(. }  e-£/kT 
de (6) 

The temperature dependence of QD is thus dependent in turn upon the func- 

tional form of f#(€).  For example, if the latter l.-vc"* . then a cc T"' 

In general, however, one would expect the energy dependence of f,,^ to 

be more complex than a power law tn which case the dissociat.ve recombina- 

tion coefficient would not be related to the temperature by any simple 

expression, particularly at elevated temperatures.  Nevertheless, values 

of the exponent „ in the range -3,2 < n < -1,2 seem to fit the existing 

experimental data fairly well.  This is shown in Figures fV-3, 6 and 7 

which indicate that n . -3; 4 for O^tf)   and n . -1 for a^) are the 

best fits to the most reliable data.  Actually the temperature exponent 
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corresponding to N2 may be as small as -1 or as large as -1/2.     In 

view of Kasner's results it would appear that the poor asreement of the 

data of Bialocki and Dougal (1958) is due to the formation of relatively 

larBe concentrations of N3 and N« in their experiments.  Figure IV-6 

also presents the previously mentioned values of C^, presumably corre- 

sponding to recombination with ot.   obtained from eclipse and diurnal 

variation observations (McElhinnv, 1959; Bowhi 11. 1961)   The temperature 

to which this value corresponds can only be estimated but the agreement 

with laboratory measurements is quite good 

Derivation of the temperature dependence of ^(NO*) is much more 

tenuous and is based on the value obtained by I,in (1960J and Doenng 

and Mahan (1962) as well as on solar eclipse data (McElhinnv. 1959; 

Bowhlll, 1961)   An approximate value of n for tl (N0+) is n   -3/2. 

Again the temperatures to which the values obtained from ionospheric 

observations correspond must be estimated (■■ l()0uOK for the K-region). 

Ounton and Inn (1961) have obtained a value for O^NO*, of 1.3 x Itr6 cm3  sec 

at room temperature and at nitric oxide pressures of several tenths of 

one mm of Hg   This value seems too large to correspond to the dissociative 

recombination of m'   and may correspond to recombination of complex ions   . 

such as (MO),.  Somewhat similar results were obtained by IK)..ring and 

Mahan who estimated the experimental upper limit as  2  x 1()-B em3 sec 

and the lower limit as   lo"* em3 sec.  The mine oxide partial pressure 

was of the order of 0.1 mm of Hg. 

The conclusions concerning dissociative recombination can be 

summarized as follows; 

1 On   tlM   basis  of  existing   data,   probable  values  of   the   impor- 

tant   dissociative   recombination  coefficients   in   the  1)-   and  K- 

regioni   are  a^{llj)   =  5   x   lO"5   T"3   4   em3   sec"1;   CLJOj)   = 

9 x  10"5  T"'  cm3 sec-1!  a  ivn'      . 9 i; .   IM-IT-S  2  ._.i   -, sec   ';   ai)VN0   )   =   2.6  x   lO^T*   2   cm"   sec- 
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It   is  evident   from  the   results of   the   precediiiR  section  that 

the most   important  coefficients  in  the  upper  D-regioa and 

in  the E-reRion are  Cy'O*)   and C^{NO+)i   %(*t)   la  at   most   of 

marginal   significance. 

3. The identities of the dominant positive ions in the lower D- 

region are not known.  This arises from ignorance of the role 

played by the ions N*, »*, and O3 at these altitudes.  (See 

Section IV-B, ion-atom interchanKC processes.) 

A model of the effective daytime ionospheric electron dissociative 

recombination coefficient m the altitude rsnga so to ISO km is shown 

m FiRure IV-*  The profiles A, and A2. which merKe at about IK» km 

altitude, correspond to the normal and disturbed D-recions.» respectively 

100        110 120        130 

ALTITUDE—km 
140 150 

FIG. IV.8    MODELS OF THE DAYTIME IONOSPHERIC ELECTRON 
RECOMBINATION COEFFICIENT ABOVE 80 km ALTITUDE 

^assumed   that   the   quiescent   I)-reK1o„   Ion  above   *0   kl;,   Is   m*   .,„„ 

r St ;:s:::;nd D"region ion is in Konorai a '^t- "• ^ -' ^ .fust  assumption may „ol   always be   lustlfled   (Poppoff and wmtten 
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This i„oclel is based on the values of C^ for the various ionic species 

given above, on the ., iddle latitude temperature profiles corresponding to 

quiescent and disturbed conditions found by Spencer, Brace, and Carij-nan 

(1962), and on the relative concentrations of ionic species as reported 

by Taylor and Brinton (1961).  It was constructed under the assumption 

that dissociative recombination is dominant in this altitude interval.  We 

justify this by comparing the estimated value of a (N0+]{  10~7 cm3  sec"1) 

with the estimated value of the product of the negative ion concentration 

ratio (- 0.02. see Section IV-A), and the ion-ion recombination coeffi- 

cient (  2 x 10-8 cm3 sec"', see Section IV-I); ; obviously O (N0+) »  > a 

and we thus neglect the ion-ion recombination processes in our model. 

For tins reason the 0^ profiles also serve as models of the effective 

recombination coefficient.  The sharp rise in curve A2 between HO and 

85 km is a result of our assumption that NO+ is the dominant ion below 

K5 km under quiescent conditions (Nicolot and Aikin. 1960;.  If o^ should 

prove to be dominant In this interval, curve A2 will coincide with curve 

A, below 100 km  It is apparent from the dotted curve that for 

k,, < K)-'8 cm3 sec"1, reaction (llj will not have an important bearlnR 

on au above 80 km.  The difference between the curves corresponding to 

disturbed and quiescent conditions at higher altitudes is due to higher 

electron temperatures expected under disturbed conditions (Spencer. 

elaK. 1962).  Mitra's (1939; noontime (quiescent, model for middle 

latitude« is also presented.  It is evident thai above 90 km the two 

quiescent models agree to within a factor of two.  The poor agreemont 

at lower altitude» is due in part to (In our ..pinion, Mltra'a probable 

over-estimation of the importance of electron attachment and i-.n-ion 

recombinat ion. 

In the altitude range HO to 60 km the pressure rises to • () 1 mm Hg 

and the dissociative recombination coefficients ol Ionized molecular 

oxygen is expected to rise to 10- cm3, sec (Kasner, et al. . 1961) as t h 

0, and perhaps oj ions become significant and then dominate  Wheth 

or not such clustering occurs in the nitric oxide ion Is unknown at 

present   Its discovery should occasion no surprise 

er 
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D-        Ion-Ion Recombination 

Ion-ion  reccnbination is of  potential   importance  in the D-region 

under both  day and  night  conditions;   the altitudes at  which  one must 

beg.n   to consider   U   are of   the  order of   70  to  75  km during   the day  and 

80  to 85 km at  night.     For ionospheric  disturbances which  result   in  large 

.onization  rates at   low altitudes   (. 30 to 60 km)   such as  polar cap 

events  and nuclear bursts,   .on-ion  recombination will   be the dominant 

recombination mechan!sm and must   be  included in the   kinetics of   the 
ionic  reactions. 

The  ion-xon neutraUzation  reactions are bas.cally of  two  types 

two-body and  three-bodv.     Typical   examples are 

Two Body 

< + o: •    N2   t  02 

o* + oj   . 02   ♦ 02 

N0+  +  0, •    NO +  0 

(1) 

(2) 

(3) 

0,  + 02     -   0 + 0 + o2   (ion-ion dissociauve 
recombination) (4) 

Three Body 

"2   +  0;  +  M   -.   N2   +   0-   +   M 
(5) 

where M is an unspecified third body.  NeUher mode has been extenstvely 
investigated. 

Veung (1958; measured the rate constants for the processes 

12 + I2   -12+ I, 

Bi-2 + Br2  . Br, + Br 
.■ 

(6) 

(7) 
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and found values of 1.47 x 10~8 and 1.85 x 10"8 cm3 sec-1, respectively, 

at temperatures of the order of 300OK.  His attempt to obtain the temper- 

ature dependence of the reaction was unsuccessful although he did find 

that the rate constant decreased with increasing temperature.  In spite 

of great care in carrying out his investigations Yeung may have used a 

defective amplifier in his experimental apparatus (Sayers, 1962^.  Accord- 

ing to Sayers the necessary correction under these conditions would raise 

the experimental values of the two coefficients to - 10"7 cm3 sec"1. 

Unfortunately, no experimental work has yet been done on the very impor- 

tant reactions (1) to (4).  Nawrocki and Dalgarno (Nawrocki, 1961a) have 

suggested the adoption of a mean atmospheric ion-ion recombination coeffi- 

cient of a = 10~8 cm3 sec"1. 

Many years ago Thomson obtained a semi-empirical equation for the 

three-body ion-ion recombination process 

QT = T'dD 'K + C!^ (8) 

where dD is the effective radius of coulombic attraction,   is a proba- 

bility function, and C is the mean ion velocity.  More recently Massey 

(1952] showed that for air at pressures < 300 mm of Hg equation (8) can 

be expressed in the more useful form 

a = 8 x 10"3 D T"$/2 
(9) 

whore  p is  press ire  in nun of Hg  and T is  temperature  in 0K.     Because  tho 

rate of  two-body  ion-ton  recombination exceeds  that  of  the  three-body 

mode  at   altitudes above  45 km,   the   latter mechanism is of  no  importance 

in  the normal   ionosphere.     It  may,   however,   pJay  an  important   role  at 

relatively  low altitudes during a  polar  cap absorption event   or during 

a  nuclear explosion-induced  ionospheric  disturbance. 
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E>  Diffusion to Dust 

Several years ago Bourdeau. Whipple, and clark (1959) ^^ 

atmospheric conducti vi tioc /i,„*i. 
nductxvttxes (both positive and negative) in the altitude 

range 35 to 80 km by mean« of o ro ^ 
oy means of a Gerdien condenser flown by a Viking 

rocket.  Below 50 km the results confain^ 
of t. 

tS contained no surprises, but the behavior 
oi the measured conduct < vi t< »= u,» . 

VltieS WaS qUlte anomalous between 50 and 80 km 
The positive ion conductivity was fonnH t„ < 

ivixy was found to increase more slowly than 

>. ct.„..e, Bourtcsu and co_mrkers ^ ibij to ^ 
re.ult. by assumng . ,.>,<,,. „, p.,.,,^,,^ 
rt,      . . mailer, with a number rtensltv 

C"n:C"""  "' ""•'  '<  —  «  -  "  —«.  orte„ e,  ^„„„^ 
•■»Her  th,„ oni,  nnd,   ,„  „„,.„,,„,t.n,    ., ]uJ> 

on. c« incm.0 ,be e„ec,5 „, «„„„,„ t„ aust  ,„ ,„. ^ 

.,«.«<«.  by  i„i„tet,0„ of  .pprop,.|ato  dlrfosi()o 

the  form 

-a»  C.   N0  N. 

where a is the particle radius v  th 
/+. 

le radiUb' No ^e particle concentration. N the 
lij ion concentration, and C  th» /» \ < * un, ana L, the (±J ion rms velocity.  The rate 
equations are written 

dN 

5- = q - a^N;  - aiN_N+   -     ,.«  c+N0N+  -     a' C+N+N^       (1) 

dN 

1   +   " coll photo^   - a     NoC  -"^     -     a2  C  N  N 
-  -   -t 

(2) 
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dT  = q  +   booU   +  Dphoto)N-   +  ^  - V+
N

e  " ^e  - ^ CeN^e  - ra» C N0N 

dN 
e 

e  " e 

dM 

(3) 

d 

ST " ^ ?
+
NoN+  - ^a' C^^  -  2ra' c/+   - n> c_  N_ N+

d (4) 

dsd 

ST = r*> C.   NüNe  +  ...  CeN0Ne   -  ^a«  Cd  NV -  6N_d  -  ...  c+N+N
d     (5) 

asSumi„g  that   every  ion-partide  colll.loB  results  in charge  capture 

by   the  dust   partxcle.     The  symbols  have  the  significance 

N
e = electron concentration 

1 = electron production rate 

% -- dissociative  recombination cojfficient 

\ two-body  ion-ion  recombination coefficient 

■ specific  electron attachment   rate 

Pcoll       " ^ific  el<?ctron detachment   rate   (collis^onal- 

1 photo specific  electron  photo detachment   rate 

rate of  electron detachment   from negative!v 
charged  dust   particles 

e =    electron  rms velocity C 

Nd 

C 

concentration of positive (negative) charges 
residing on dust particles (electronic charges 
per cm3) e 

\\ =    dus«- Particle rms velocity. 

The third terms appearing on the right-hand sides of (4) and (5) can be 

neglected because of the very small velocity of the dust particles. 

Under equilibrium conditions the concentration of positive charges 

residing on dust particles is given approximately by 

d __   C+ N0 N+ 
N
+    = Z  (6) 

C  N  + C  N e  e   -  - 
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Assunang a  temperature of  200OK.   a  dust   partxde co^entration and  mean 
".Uu. or M. . | cm-> and . . 10-5 cm>   respectlvely(  and an ^^^^ _ 

centratlon of  ^   ., 1o< „.-..   we  find  that  ^^  ^ ^^   (6) 

\  - 200 „-.     Actually  it   1. not   UKeZy  that  a dust   particle of   this 

slZe couid accumuiate .ore  than a   few eiectronic  charges  because  of 
couio.h  repuision of   Püsitlve  lons  b,   the  ^^  ^^ ^  ^^ 

The electron  concentration at   any  alutude  under condition, of 

equilibrium is  obtained  by adding  equaUons   (2)  and   (3) 

q + 6N- = (1+^V>V*: * -' -c/+*e ♦ »»'icy cjNoN    . nn c    „    „- 
-     -     ♦ 

N (7) 
where  X . j^ .     In order  to Bain  ^  ^  ^   ^  ^^ ^ ^^ 

to dust   we  compute  N    at   several   Bittt.H 
^ altltudes  und"   the  assumption  that 

•  =  10  »  cm,   N0  =  1  cm-\  N*  =  ,       -, 
. ]0.,   , '  d   ' ^  - "D - 10  cm» sec"', and 

10   cm  sec «.  we further assume that the negative Ion terms in 

( ) are  „dependent of the terms containing electron concentrations. 

The results are shown in Table IV-7 . 

It is evident that prtlcuUte matter can. If pro.ent in even 

-inuscule quantltie.. be very effective m electron removal.  In vUw of 

the results of Volz and Goody (1962) it is doubtfu. tha, the mechanism Is 

normally of importance in the D-reglon. 

It is easily shown tha, as the electron concentration us substan- 

tially raised, perhaps several orders of magnitude in .he case of a high 

altlt.de nuclear burs,, dlffusu.n to dust becomes an even less important 

electron remova! mechanism unless the dust concentration 1, simultaneously 

increased by many orders of „agnltude.  The utcrease of the dust concen- 
tration to Sn   - l0 cm-3 ,„ a ^.^ ^^ i.equiriis ^^ proper ^^^^ ^ 

KK of „.aterial.  Hence u I. not con.ldered UKely that after such a 

burst, diffusion of electrons wll, be Important outside the locale of 

.ho explosion.  inside lhls ^ion it may be of some significance de- 

pending upon the degree of dispersal of particulate matter 
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Table   IV-7 

ELECTRON  CONCENTRATIONS WITH AND WITHOUT DIFFUSION  TO DUST 
(daytime) 

- 

Altitude 
(km) 

j 
(cm"3 sec-1 ) 

No 
(cm"a) 

(without 
diffusion) 

Ne 
(with diffusion) 

(cm'3) 

90 lO-2 10 1 10* 5 x 101 

80 io-> 0.1 1 10s 100 

70 2 -1 x K)"^ 1 102 1 

60 30 10-1 1 10 0.3 

90 10-2 10 0.01 10* 10* 

80 10-' 0.1 0.01 10 500 

70 o 4 x lO"3 0.01 10» 25 

60 30 lO"3 0.01 10 1 
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F-       ****£» of Chemical  ^«ctloM 

1 ■        introduction 

T .   eta«..,   co.p<,.ltlon  of   „„.  uppe|,   ttMpiwM   ^^^ 

.. s.u,n,„8 ot th. 10„.c .pecl.i by _ns of oh e tr> 

"... .he ra.c „, .,.„,„, „,_„    ^^  ^^ ^ ^ 
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Recently  several     model  atmospheres  have  been developed on  the 

bases of  satellite  drag  measurements,   measurements of   the absorption of 

solar radiation,   and estimates of   the heating effect.     The  one  presented 

in Figure   IV-9  is due   to Norton,   Van  Zandt,   and Dem son   (1962)   for  alti- 

tudes  above   100 km  and   the  Handbook   of  Geophysics   (I960;   for  altitudes 

below 100 km,   uhil.    thai   presented   in Figure  IV-10  is  taken  from a   paper 

by  Barth   (1961;  and  is  based on  the  work of  Kallman-Bijl   (1961;  and 

Nlcolet   (1959;.     The   former   (Figure  IV-9,   is  probably   the  more   reliable 

since it  is based in  part  on measurements of   the  absorption of   solar 

radiation      The Handbook  of Geophysics model  atmosphere was  selected 

for  the  lower  altitudes  in Figure   IV-9 because  it joins  smoothly with 

10 10 " 10 ' 
PARTICLE  DENSITY— cm s 

10 ' 

?00 600 BOO 
TEMPERATURE — • K 

1000 1200 

FIG. IV.9    ATMOSPHERIC NEUTRAL CONSTITUENTS AND TEMPERATURE, 
60 TO 180 km ALTITUDE (Norton, et ol, 1962 and Handbook of Geophysi 1960) 

93 



71—1 

i *00 

10' ro* I0■, 

«••tiClC  OtNSIT» — cm-' 

-L I i 

10" 

WO 800 1000 
TEMPERATURE —'K 

1200 1400 ICOO 

FIG. IV-IO   ATMOSPHERIC NEUTRAL CONSTITUENTS AND TEMPERATURE 
60 TO 160 km ALTITUDE (Barth, 1961) 

the ««del  atmosphere of  Norton,   et  aK   at   100 km.   the  lowest  altitude 

to which  the latter was extended. 

2        Basic Chemical  Reactions 

Barth   (1961J  has  thoroughly discussed  the chemical   reactions  In 

the upper atmosphere which control   the concentrations of atomic and 

molecular oxyKen and nUroKPn,   nitric  ox.de.   mtro.en dioxide,   and 

ozone.     Those  reactions can be summarized  as  follows 

N  +   N  >  M    . N2   ♦   M 

N+O+M     . NG+M 

0  +  0  +  M    , 02   ^   M 

N  +  NO    .    N2 +  0 

N  +  0, NO  +   0 

1 

(2) 

(3J 

(4) 

(5) 
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0 + 02 + M  . 

0 + 03 -. 02 

NO + 0 + M * 

"3 

» 02 

NO, 

NO, 0 NO + 0, 

(6) 

(7) 

(»J 
(9) 

with the corresponding rate constants obtained by vanous investigators 

shown in Table IV-«   In .ddltion. Table IV-8 conta.ns l„ the rlght-hand 

Table IV-8 

RATE CONSTANTS CORRKSPONDING TO PROCESSES (1, TO (9, 

Rate 
Constant 

kj 

k, 

• i 

I - 

Barth   'v196l; 

7  x   10"^  cm6   sec"'   [300OK, 

15 x   10"32  cm«  sec-«   (300OK) 

» 0 x   10-" cm6  sec-'   (300OK ; 

83 x  10-^  cm' sec-'   ^300^1 
- JIOO 

e cm3   sec   ' 
300 
T 

"   e       cm6   sec-' 
_ J000 

3  3  x   10-' 

ß  K   x   10'3 

5.0  x   10- ''"i     st't ' 

5.2  x  lO"32  cm6  sec-'   (300oK 

3  5  x   10-'^   cm3  sec-'   (3()0OK 

Bortner and Baulknlght 

1.7  x   10 i 
cm6   sec-';     M   =  Naj< 

-' 2  x   10-3'   T"J  cm«   sec-';     M   =   Nj< 
z 3  x  10-3'  T"J  cm8  sec"';   (M ^   »,.   R). 

5   x   10"3'   T"*  cm«   sec 

6  x   10-32  T"i cm*  sec 

2 x  10-3'  T"-  cm«  sec 

1  x  10 -J2 T       cm«   s»-c 

i 

i 

(M  = 0,)t 

(M  = Ojt 

;M * o. o2/t 
2.2  x   10-'3 

4   x   10 

•i» 

I 3    Ti 

cm    sec' 
.6600 

RT p cm3 sec-'T 
-LAP 

•1   x   10-3«  e     T cm6   s..-'. 

7   x   10-'2 

5  x   10 

2.5  x   10-,a 

1 I   iw. 

T 

32  cm6   sec' >« 

cm3  sec" 

tBortner and Baulknight ^961; 

•Bortner and BaulknlKht (1962) 

»For   specific   references   see Barth's   ^1961,   pape, 
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column a set of rate constants proposed by Bortner and Baulknight (1961, 

1962) which are somewhat different from those of Earth. 

3-  Chemistry of the Normal Atmosphere 

In order to write and solve differential equations for the rates 

of change of the concentrations of the various species, one must know 

the rates of dissociation of nitrogen and oxygen.  The dominant mechanism 

for the formation of atomic oxygen in the upper atmosphere is photo- 

dissociation of Oj by solar radiation in the Schumann-Runge continuum 

(1300-1750 Aj.  The photo-dissociation cross section in this region is 

of the order of 5 x lO-"« cm! (Watanabe, 1958) and the solar photon 

flux - 5 x lO«3 cm2 sec"1 (Mitra, 1952,)  Using the concentration of 0, 

given in Figure IV-10, and neglecting attenuation of the photon flux by 

absorption, one finds an approximate value of the rate of dissociation 

of Oj of 5 x 10* cm" .-3 

On  the other hand  photo-dissociation of  Na   is a very  weak  process 

The N2  molecule  is  apparently  dissociated by  absorption  In  the Lyman- 

Birge-Hopfield band  at   1226 A.   for which   the estimated cross  section 

is  about   lO-21  cm2       Since  the  photon  flux  is  ~ 10'  cm-2   sec"1   (Barth, 

1961)     we  obtain a   photo-dissociation  rate  at   100 km of  only   10 cm-3  sec-1. 

A  process which  promises  a  much  larger  rate  of  formation of  nitrogen 

atoms  is  the dissociative   recombination of  Nj  or N0+       In order  to 

obtain an estimat«? of  the effective dissociation  rate  of  Nü+  at   100 km 

we estimate  that   [e]  = 2  x   10s  cm-3,lN0+]  =  10s  cm"3  and CL(N0+)       5  x   lO"8 

cm3 sec-1 .   Then the rate of   formation of  nitrogen atoms  from  the  process 

i+ 
NO     *  p     .    N  +  0 (10J 

is aD(N0   )iN0       [ej  =»   U)3 cm-3  sec"1,   a  much   larger value   than  that 

arising  from  photo-dissociation of  N2 

It   is   in  principle  now  possible  to compute   the  chemical   composition 

of   the  upper  atmosphere   If   one  knows  how  to handle   the  diffusion  problem. 

In  practice   this   is  a   formidable  problem  and Barth contented  himself 
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with  starting with  the  initial   (daytime)  conditions  shown in Figure  IV-10 

and  computing  the concentrations of various constituents at  various  times 

after  sunset.     It  was  found  that   the  concentration of   atomic oxygen was 

quite constant  during  the  night   for altitudes above 70 km while  the 

concentration of  atomic  nitrogen  remained constant  at  altitudes of 

80-120 km but  decreased  rapidly during  the night  at  altitudes above or 

below  this  range.     The  decrease of   [0J   and  [N]  during  the  period between 

sunset  and one hour  thereafter are  shown  in Figure  IV-11,   under  thi- 

«<yv 

80 km 100 km 

N 

v- 

■''■■■'■■ 

10 OS 10 
TIME   AFTER   SUNSET —hour« 

■ B 

• A  M;«-jt 

FIG. IV-ll    CHANGES IN CONCENTRATION OF 0, N, AND NO AFTER SUNSET 
AT AL TITUDES OF 60, 80, AND 100 km 

assumption  that  during  the daytime   [Nj  w 10s  cm"3. 

Fürmation  and destruction  of  nitric  oxide   result   primarily   from 

reactions   (5)   and   (4)   respectively.     These  processes   together with 

diffusion  yield  the  daytime  NO concentration  curves   shown  in Figure   IV-10. 
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The decrease of [NOJ during the first hour after sunset is shown in 

Figure IV-11. 

The composition of the upper atmosphere has, of course, a pronounced 

effect on ionospheric structure since it deternunes to a large extent 

the nature of the ions present, the lonization rate, and the rate of 

electron removal.  However, this composition is nearly constant under 

normal conditions, the concentrations of a few of the minor constituents 

at certain altitudes decreasing after sunset.  The only change of this 

kind which may significantly alter the electron removal rates is the 

combination of atomic and molecular oxygen to form ozone at altitudes 

below 70 km.  Specifically, such a reduction in the atomic oxygen 

concentration will result in a smaller rate of associative detachment 

of electrons from negative ions (e.g.. (£) at night than in the daytime. 

The change of the solar spectrum between maximum and minimum of 

solar activity undoubtedly affects the composition of the upper atmosphere 

hut the details are not at all well understood. 

4-       Effects of Disturbances 

Abnormal solar radiation of short duration which is capable of 

producing changes 1„ the composition of the upper atmosphere may be 

broadly classified as electromagnetic (X-ray and ultraviolet radiation) 

and particle [solar cosmic ray.   The increased rate of dissociation 

of 0, arising from the enhanced radiation is certainly not greater than 

- 10» cm"3 sec"1 as opposed to a normal rate of dissociation of p, at 

- 90 km of 10* cm-'  sec-', the enchancenent is therefore negligible. 

On the other hand the formation of nitrogen atoms proceeds via the 

processes 

Ng  + <.■  ■ N + N /jjj 

N0+ + e . N + 0 (10) 

rather than by direct dissociation of N2. It is demonstrated In the 

section on ion-atom Interchange that charRe transfer to 02 by N2
+ is 

so  rapid  a   process   that  N2
+  is  a  negligible  ionic  component  of   the  lower 
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ionosphere,   although  it   is   produced   at   a   faster   rate   than  any  other 

ion.     Undoubtedly   some   V0+  is   formed  by   the   ion-atom  interchange  process 

N2
+  +  0   -.   N0+   +  R 

which is rather slow (D. R. Bates, private communication) as compared 

to other processes of similar type.  Assuming that [N0+: 1« as large 

as 0.1 [0, ], we obtain a production rate of N atoms of -  10 cm'3  sec"» 

and an enhancement in the N concentration of <  10« «-3 which is less 

than the normal concentration thought to arise via diffusion from higher 

altitudes.  Even if the change in [NJ were significant, the effect on 

Ionospheric relaxation would still be negligible. 

In the case of a high altitude nuclear burst, the molecular species 

are almost completely dissociated within the fireball.  Just outside 

the fireball region ultraviolet radiation in the range 1300-1700 A is 

sufficiently intense to produce virtually complete dissociation. 

However, at altitudes below 90 km the attenuation of this radiation by 

absorption is so large that it has a range of . 1 km. assuming an 

absorption cross section of 10— cm' ;Watan„be. 1958).  At an altitude 

of iOO km. dissociation of 02 is already so great that nearlv complete 

dissociation of the residual 02 wi,, not greatly affect the concentration 

of atomic oxygen although the concentration of 02 may be decreased by 

as much as an order of magnitude until such time that recombination and 

diffusion can restore the system to equilibrium. 

If we assume that the mean electron density at an altitude of 100 km 

xs of the order of 10« cm '  over a period of at least one hour, the 

concentration of atomic nitrogen may be raised to a value as large as 

' cm"' which may in turn increase the concentration of NO by perhaps 

an order of magnitude; .he Increase in [NJ may be detectable by airglc 

intensity measurements VN0 r bands).  These changes in composition are 

not sufficiently great, however, to significantly affect the electron 

loss mechanism. 

low 
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